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The ability to control and manipulate electromagnetic waves in terahertz 
region becomes increasingly significant due to the fascinating terahertz optics 
applications, such as imaging, sensing and wireless communication. However, 
a critical problem in terahertz optics is that natural materials cannot artificially 
and actively control terahertz waves. Metasurfaces, which are composed of 
two-dimensional resonators, promise a novel approach to arbitrarily engineer 
the wavefront of electromagnetic waves. This thesis presents the design, 
fabrication and characterization of various functional metasurfaces to 
manipulate resonance frequencies, amplitudes and polarization states of 
terahertz waves. Combined with vanadium dioxide (VO2), phase-change 
metasurfaces are proposed and investigated to actively control terahertz 
waves. 
The first topic in this thesis is to study resonance frequency tuning and 
amplitude control by metasurfaces. Spiral shape metasurfaces are proposed 
and demonstrated. The coupling effect among different resonators in the 
metasurfaces is investigated to achieve resonance frequency tunability. The 
measured results indicate that the mutual capacitance and inductance 
couplings among different resonators lead to the shifting of the resonance 
frequencies. Amplitude manipulation is then investigated in gammadion 
metasurfaces. By introducing a pair of splits at different arms of the 
gammadion metasurfaces, the transmitted amplitude at the resonance 
frequency can be manipulated from 61% to 24%. Broadband static resonance 
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frequency tunability from 1.11 to 1.51 THz is also demonstrated by varying 
relative split positions at certain arms.  
The second topic in this thesis focuses on polarization control with cross shape 
babinet-inverted metasurfaces. In this work, an ultrathin (0.29λ) flexible 
terahertz quarter-wave plate is demonstrated by using asymmetric cross shape 
resonators. At 0.870 THz, the quarter-wave plate presents a transmitted 
amplitude of 0.545 along two orthogonal axes with 90 degrees phase delay 
and converts a linearly polarized incident terahertz wave into a pure circularly 
polarized light.  
The last topic in this thesis is to study the active control of polarization by 
phase-change metasurfaces. In this part, the first design is composed of 
ultrathin asymmetric cross-shaped resonator arrays with VO2 pads inserted at 
the end of the cross-shaped resonators. This design functions as a switchable 
terahertz quarter-wave plate with a switching range of 34 GHz. At 300 K, VO2 
behaves like a semiconductor and the quarter-wave plate operates at 0.468 
THz. While at 400 K, VO2 acts as a metal and the operating frequency of the 
quarter-wave plate is switched to 0.502 THz. The second design consists of 
complementary electric split-ring resonators hybridized with VO2 at certain 
positions. Before the VO2 phase transition, the phase-change metasurface 
achieves linear-to-circular polarization conversion at 0.45 and 1.10 THz with 
an ellipticity of 0.998 and -0.971. After the VO2 phase transition, 
linear-to-circular polarization conversion is obtained at 0.50 and 1.05 THz 
with an ellipticity of 0.999 and -0.999, respectively.  
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Chapter 1 Introduction 
Electromagnetic wave interacting with materials has enriched our daily life 
with a great deal of applications, such as wireless communication, color 
display, bio-medical imaging and detection, just name a few. The past decades 
have witnessed the rapid growth of various technical approaches to properly 
manipulate wave-matter interactions for unique optical properties. 
Conventional methods to engineer the wave-matter interaction are based on 
bulky materials, which have many fundamental constraints. Owing to recent 
advances in micro/nano-fabrication techniques, metamaterials and 
metasurfaces, which are composed of rationally designed building blocks, 
known as meta-atoms, are proposed and fabricated to achieve prescribed 
electromagnetic properties. These meta-atoms enable an artificial means to 
control the flow of light and pave a wave to a number of fascinating 
applications that are unattainable with naturally available materials. 
1.1 Background 
Terahertz wave refers to electromagnetic wave with frequency between 
microwave and infrared regions, which is shown in Fig. 1.1. It has some 
unique optical properties. For instance, terahertz wave is non-ionizing 
radiation and is transparent to many materials. This can be applied to 
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non-destructive testing, bio-imaging and security check [1-5]. Terahertz wave 
presents unique fingerprints when it interacts with bio-molecules, which can 
be applied to sensing [3, 6, 7]. However, the lack of suitable technology to 
construct efficient and compact terahertz emitters, detectors and optical 
devices makes terahertz band the least explored electromagnetic spectrum. 
This technological gap is also named as the “terahertz gap”. 
 
                 Fig. 1.1 Terahertz wave in the electromagnetic spectrum. 
                 (Reprinted from http://terasense.com/news/terahertz-technology/) 
With the development of advanced technologies in recent years, terahertz gap 
has been rapidly filled in with functional terahertz devices and systems, such 
as terahertz quantum cascade laser, photoconductive antenna based terahertz 
emitter and detector, and terahertz time domain spectroscope [1]. Besides 
these available terahertz devices, terahertz optics is still in its infancy because 
most terahertz devices are bulky, expensive and inefficient. Meanwhile, 
naturally attainable materials inherently present weak response to terahertz 
wave. Therefore, how to construct efficient and compact terahertz optical 
devices would be a key issue to push terahertz optics forward in the practical 
applications.    
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1.2 From metamaterials to metasurfaces 
Metamaterials are artificially patterned materials that gain the optical 
properties from the sub-wavelength building blocks, instead of the constituent 
materials. By tailoring the building blocks, we can obtain novel 
electromagnetic functionalities that are unattainable in naturally available 
materials, such as negative index, perfect lens and invisible cloaking [8].  
Metamaterials have been used centuries ago in art pieces without any physics 
understanding of the performance they obtained. A famous example is the 
Lycurgus cup from the 4th AD. This cup was made of ruby glass embedded 
with gold nanoparticles [9]. As shown in Fig. 1.2, when viewing the reflected 
light, this cup appears green, while viewing the transmitted light it appears 
reddish. This unique beauty originates from the scattering properties of the 
materials. In modern science, Bose in 1898 proposed “twisted jute” material 
and this meta-atom presented an artificial chiral effect [10]. Meanwhile, 
researchers in microwave area have widely investigated artificial designed 




      Fig. 1.2 Lycurgus Cup in the view of the (a) reflected and (b) transmitted light. 
      (Copyright The Trustees of the British Museum) 
When tracing the modern development of metamaterials, three milestones laid 
the groundwork of this research area. This first is the theoretical speculation of 
left-hand materials by Russian physicist V. Veselago in 1968 [11]. He pointed 
out that in the left-hand materials the field vectors E, H and the wave vector k 
of the propagating electromagnetic wave would form a left-hand triad; while 
in naturally available materials this triad is right-hand. Veselago also 
presented the requirement of such left-hand materials−simultaneously negative 
values of permittivity ε and permeability µ. However, no materials could 
fulfill this requirement of negative permeability at that time. The second 
milestone is J. Pendry’s theoretical work in 1999 [12]. He demonstrated that 
metallic split ring resonators (SRRs) could present negative permeability when 
the magnetic field of the incident electromagnetic wave was normal to the 
plane of the SRRs. This is a practical wave to construct a left-hand material 
with naturally available materials. Following this work, the third milestone 
emerges in 2001 by D. R. Smith with his experimental demonstration of a 
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negative index of refraction by stacking copper strips with SRRs, which is 
shown in Fig. 1.3 [13].  
 
           Fig. 1.3 Photograph of the negative index metamaterials at the microwave range.  
           (Reprinted from [13]) 
Following these pioneering works, researchers have extended the concept of 
metamaterials far beyond negative refraction. The essence of mematerials is to 
attain prescribed electromagnetic properties through tailoring the building 
blocks in the metamaterials. The propagation of electromagnetic wave can be 
artificially controlled with the engineered electric and magnetic resonances of 
the building blocks. With recent advances in metamaterials, various 
meta-devices have been proposed and designed. J. Pendry proposed a perfect 
lens using negative refraction in 2000 [14]. X. Zhang demonstrated a silver 
superlens for sub-diffraction-limited optical imaging in 2005 [15]. D. R. Smith 
investigated metamaterials-based electromagnetic cloak at microwave 
frequency region in 2006 [16]. Other meta-devices have been extensively 
studied, such as filters, polarizers, wave-plates, modulators, switches, lenses, 
! 6!
perfect absorbers, emitters and detectors [17-31]. To further increase the 
functionalities of metamaterials, active media have been hybridized into 
meta-devices. Semiconductors, phase-change media, graphene, liquid crystal 
and micro-electromechanical systems are combined with metamaterials to 
achieve tunable and switchable electromagnetic properties [8, 32-38].  
Although metamaterials enable an artificial means to engineer the effective 
optical parameters, such as ε and µ, the designed metamaterials are always 
three-dimensional metamaterials with complex geometries. It is challenging to 
experimentally fabricate such metamaterials. Another technical constraint in 
3D metamaterials is the considerable loss from the resonators. To reduce the 
fabrication difficulties and the giant losses, metasurfaces are proposed and 
investigated. In the 3D metamaterials, the wavefronts of electromagnetic 
waves are engineered through the accumulation of changes during the wave 
propagation in the 3D metamaterials. Metasurfaces are low-profile designs to 
fully control electromagnetic waves in an ultrathin flat surface. Instead of 
achieving the variation in amplitude, phase and polarization in the 3D lossy 
metamaterials, metasurfaces tailor the wavefronts through controlling the 
spatial distributions of the resonators. Based on Huygens’ principle, when 
illuminated by electromagnetic waves, each resonator can be treated as a new 
source to create a secondary wave. The new wavefronts can be regarded as the 
combination of all the secondary waves. By properly designing resonators at 
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the certain positions, arbitrary wavefronts can be created in principle [39]. In 
metasurfaces, the resonators can be ultrathin, which greatly reduces the loss in 
the resonators. Since all the resonators are on a flat surface, the fabrication 
process is much simpler compared with the process in those 3D designs. 
Based on metasurfaces, planar optical components attract intense research 
attentions and promise many intriguing functionalities and applications. 
Metasurfaces can be applied to terahertz technology. Terahertz metasurfaces 
present an artificial approach to build compact optical devices, which is of 
great importance for system integration. Many terahertz optical devices can be 
designed using metasurfaces, such as filters, polarizers, switches, wave-plates, 
lenses, emitters and detectors [1, 40, 41]. To realize these metasurfaces-based 
terahertz optical devices, a comprehensive understanding on the optical 
response of different metasurfaces in terahertz range is desirable. This thesis 
investigates the design and experimental demonstration of various terahertz 
metasurfaces for manipulating the resonance frequency, amplitude, phase and 
polarization of terahertz wave. 
1.3 Challenges for terahertz metasurfaces 
Despite recent advances of metamaterials and metasurfaces in terahertz optics, 
challenges remain to push terahertz metasurfaces forward into practical 
applications. 
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Firstly, the functionalities of terahertz metasurfaces originate from the 
micro-scale resonators. A comprehensive understanding of the resonance 
behaviors is crucial for device design. For instance, each resonator in the 
metasurfaces supports a certain resonance mode. When resonator arrays are 
designed, we need to illustrate how these resonators are interacting with each 
other. The near-field coupling effect among the resonators would modify the 
resonance behaviors and change the optical responses. New methods should 
be developed to study these resonance behaviors for terahertz wave control. 
Secondly, polarization control via terahertz metasurfaces is of great 
importance for terahertz optics. Conventional terahertz metasurfaces adopt 
metallic resonators to control the polarization of terahertz wave. These 
metallic structures are band stop resonators, which present limited 
transmission intensity. Considering that currently most terahertz optical 
systems are working in the transmission mode, terahertz metasurfaces 
operating in the transmission mode with high transmission intensity are 
desirable.  
Thirdly, due to the resonance properties, metasurface-based terahertz devices 
are inevitably operating in a narrow band. Extending the operating bandwidth 
is needed for practical applications. Multilayer designs and multi unit cells can 
make the device work in a broadband. But these approaches are complex and 
bulky. Another solution is to integrate metasurfaces with active media. This 
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approach can make the operating frequency tunable and switchable. New 
designs should be demonstrated for active control of terahertz waves.  
1.4 Significance and scope 
This study aims to comprehensively investigate the optical responses of 
various terahertz metasurfaces. The design, fabrication and characterization of 
different metasurfaces are discussed in detail. As mentioned in the last section, 
the resonance behaviors, amplitude and polarization manipulation with active 
means in metasurfaces need to be studied. This thesis firstly presents the 
investigation of resonance frequency tuning in spiral shape metasurfaces. The 
mutual capacitance and inductance couplings illustrate the change of the 
resonance frequencies. Following this work, gammadion metasurfaces with 
splits are investigated for amplitude manipulation and broadband resonance 
frequency tuning. The splits in the gammadion metasurfaces enable the 
selective excitation of different resonance modes for terahertz wave control. 
The second part in this thesis is terahertz polarization manipulation devices 
with babinet metasurfaces. An ultrathin terahertz quarter-wave plate is 
demonstrated with high transmission intensity. The last part is the active 
terahertz polarization control devices. Two switchable terahertz quarter-wave 
plates are designed to extend the operating frequencies. 
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1.5 Organization of thesis 
This thesis presents the design, fabrication and characterization of functional 
metasurfaces for terahertz wave manipulation. 
Chapter 2 gives the theoretical background and the methods to the design, 
fabrication and characterization of terahertz metasurfaces in this thesis. In the 
first part, the definition of metamaterials and the properties of split ring 
resonators are introduced. From metamaterials to metasurfaces, the 
fundamental physics of metasurfaces is summarized. Furthermore, a literature 
review of metasurfaces is presented, such as gradient metasurfaces, Huygens 
metasurfaces and active metasurfaces. After that, terahertz metamaterials and 
metasurfaces are discussed. In the second part, numerical simulation softwares 
CST microwave studio and lumerical FDTD are firstly presented. Then the 
fabrication procedures are discussed, including sample cleaning, photoresist 
coating, micro-lens array lithography, photolithography, metal film deposition, 
lift-off, pulse laser deposition. The last part is the characterization process, 
including optical microscope and terahertz time-domain spectroscope. The 
working mechanism of terahertz time-domain spectroscope is introduced.  
Chapter 3 investigates resonance frequency and amplitude tuning in the 
terahertz metasurfaces. The first design for resonance frequency tuning is 
spiral shape metasurfaces. The near-field coupling effect among different 
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resonators is investigated to modify the resonance behaviors and tune the 
resonance frequencies. The second design is gammadion metasurfaces 
embedded with splits. Amplitude manipulation and broadband static resonance 
frequency tunability are discussed with the variation of the split positions.  
Chapter 4 shows terahertz polarization control with babinet metasurfaces. The 
design and experimental demonstration of an ultrathin terahertz quarter-wave 
plate based on planar babinet-inverted metasurfaces are presented. The design 
principle for such metasurfaces is summarized. The numerical design and 
experimental process are discussed. A Lorentz oscillator model is presented to 
analytically describe the performance of the quarter-wave plate.  
Chapter 5 investigates active polarization control via terahertz phase-change 
metasurfaces. A phase change material, vanadium dioxide is inserted into the 
planar metasurfaces with different designs to extend the operating frequencies. 
Based on the design principle, two switchable terahertz quarter-wave plates 
are presented. The first quarter-wave plate operates at two frequencies under 
the phase transition of vanadium dioxide. The second terahertz quarter-wave 
plate operates as a multiband device at four frequencies. The polarization 
states are discussed by calculating the Stokes parameters of the output 
terahertz wave. Numerical simulation and analytical model calculation results 
are presented to investigate the performance of the designed phase-change 
metasurfaces. 
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Chapter 6 gives a brief summary of research results and contributions in this 















Chapter 2 Theoretical Background and 
Methodology 
 
This chapter introduces the theoretical background of metamaterials and 
metasurfaces, numerical simulation, experimental process of fabrication and 
characterization of terahertz metasurfaces. The first part focuses on the 
definition of metamaterials, the concept of effective permittivity and 
permeability, the physics model of split ring resonators and the fundamental 
physics of metasurfaces. Typical metasurfaces are further discussed, such as 
gradient metasurfaces, Huygens metasurfaces and active metasurfaces. Then 
terahertz metamaterials and metasurfaces are discussed. In the second part, 
two commercial softwares: CST microwave studio and Lumerical 
Finite-Difference Time-Domain (FDTD) solutions are introduced. After that, 
the fabrication process is presented, including sample cleaning, photoresist 
spin-coating, laser micro-lens array lithography, UV photolithography, metal 
thermal evaporation, pulsed laser deposition and lift-off. In the last, the 
characterization instruments of optical microscope and terahertz time domain 
spectroscope are discussed. 
2.1 Metamaterials 
Metamaterials are artificial designed materials that gain the optical properties 
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from the designed structures, instead of the constituent materials. This concept 
can also be applied to other areas, such as acoustic waves and thermodynamic 
systems [8]. In the electromagnetic wave theory, Maxwell’s equations and the 
constitutive relations can strictly describe the wave-matter interactions [39]. 
Naturally available materials can be categorized into conductors, insulators 
and semiconductors with different optical and electrical properties. Different 
atomic structures in different materials lead to different optical constants, 
which affect the wave-matter interactions following Maxwell’s equations. The 
form of Maxwell’s equations is shown in the following:  
           ,                          (2-1) 
           ,                           (2-2)    
          ,                        (2-3) 
          ,                     (2-4) 
where is free charge density and  is free current density. The 
relationship between the macroscopic fields (  and ) and the 
fundamental fields (  and ) can be defined as: 
                       ,                            (2-5) 
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                       ,                           (2-6) 
where  and  are the permittivity and permeability. The size of the atoms 
is much smaller than the wavelength of electromagnetic wave, even in the 
visible range. The optical responses can be described and homogenized with 
effective parameters  and .  
Similarly, metamaterials present an artificial means to manipulate these 
effective parameters by using subwavelength resonators to mimic the 
behaviors of atoms in the bulky homogeneous materials [42]. The resonators 
in the metamaterials can be treated as man-made atoms. Through engineering 
the geometries of these man-made atoms, the effective macroscopic 
electromagnetic parameters can be artificially designed and controlled. The 
demonstration of negative refraction and cloaking using metamaterials greatly 
extend the possibility in electromagnetic wave control and manipulation.  
2.1.1 Effective permittivity and permeability 
Based on Maxwell’s equations, the optical responses of a certain material 
under an external field are dominated by two parameters  and . With 
these two parameters, materials can be categorized into four types with  to 
be the horizontal x-axis and  to be the vertical y-axis in space as shown in 
Fig. 2.1. Most naturally available transparent materials present positive values 











present negative values of permittivity. In this case, the induced fields in the 
materials have opposite directions to the external fields. Furthermore, 
ferromagnetic materials exhibit negative values of permeability.  
 
       Fig. 2.1 Materials classification based on permittivity  and permeability . 
Both permittivity and permeability to be negative cannot be obtained in 
naturally available materials. However, many intriguing physics phenomena 
can be realized if  and  can be negative, such as negative refraction and 
super-resolution imaging [42]. This leads to the investigation of metamaterials 
for artificial manipulation of  and  with any desirable value.  
 





Following J. Pendry’s theoretical work of negative effective permeability [12], 
D. R. Smith experimentally demonstrated metamaterials with simultaneous 
negative permittivity and permeability in microwave range in 2000 [43]. The 
metamaterials are composed of nonmagnetic split ring resonators (SRRs) and 
continuous wires. The design of the SRRs is shown in Fig. 2.2. When the 
electromagnetic wave illuminates on the SRR with the magnetic field 
perpendicular to the plane of the SRR, an oscillating current can be generated 
in the SRR. This oscillating current forms an equivalent magnetic dipole. In 
the periodically arranged SRRs, strong magnetic coupling among these 
resonators leads to exotic optical properties. Particularly, such metamaterials 
exhibit frequency dependent effective permeability similar to a Lorentz 
oscillator with the expression in the form of: 
               ,                   (2-7) 
where is the frequency of the incident electromagnetic wave,  is the 
geometrical factor, is the resonance frequency of the SRR and  is the 
dissipation factor, respectively. Besides this effective permeability, the 
material’s property would also affect the performance of the resonators. When 
the SRRs are made of metals or semiconductors, the conductivity of these 
materials would influence the overall resonant strength in the form of ohmic 
losses. The dielectric substrates to support the SRRs are another aspect that 
µeff (ω ) = 1−
Fω 2





would introduce losses, especially in microwave and terahertz ranges. 
2.1.2 Split ring resonators 
The split ring resonator is the typical design in metamaterials. Besides the 
magnetic excitation of resonances in the SRRs for negative permeability, 
recent research has applied it to various metamaterials for electromagnetic 
wave control and manipulation. For a single SRR, the resonance response can 
be conceptually described by an LC circuit model as shown in Fig. 2.3 [12, 
42]. 
 
         Fig. 2.3 (a) Schematic of the SRR and (b) the corresponding LC circuit model. !
The SRR is composed of a metal ring with a small gap. When the 
electromagnetic wave impinges on the SRR, the induced oscillating current 
leads to the charge accumulation at the gap of the SRR. Strong field 
enhancement can be obtained in the gap. The metal ring can be regarded as an 
inductor and the gap at the metal ring can be treated as a capacitor. The 
resonance frequency  can be described as: ω 0
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                        ,                         (2-8) 
where L is the inductance of the SRR and C is the capacitance of the SRR. 
With this LC model, it is expected that the design of the SRR can be scaled 
from microwave to terahertz, infrared and optical frequency ranges. However, 
the optical responses of metals are different from those in the microwave and 
optical frequency ranges. Fabrication techniques at different frequencies 
would be some other issues for the devices, especially in the optical ranges. 
Despite the above limitations, there are various parameters in the SRR-based 
metamaterials that can be investigated for prescribed optical properties, such 
as periodicities, geometry sizes, hybrid unit cells and substrates. The mutual 
inductance coupling and capacitance coupling have been studied to tune the 
resonance frequency of the SRR. Some other types of structures have also 
been proposed in metamaterials, such as electrically coupled LC resonators, 
gammadion resonators and chiral structures [8, 44]. These designs reveal 
novel functionalities and extend the potential applications of metamaterials.  
2.2 Metasurfaces 
Although metamaterials promise the full control of electromagnetic wave with 
arbitrary values of permittivity and permeability, the complex fabrication 
process and considerable loss make metamaterials hard to be applied to 





2D versions of metamaterials. Metasurfaces can be defined as an artificial 
patterned thin film with subwavelength thickness. The one layer thin film 
design enables a simple and fast method to fabricate the devices and at the 
same time it is of great importance for compact system integration. The 
subwavelength thickness would reduce the loss introduced in the bulk 
metamaterials. 
The working principle of metasurfaces can be illustrated using Huygens 
principle and the equivalence theorem of electromagnetics [39]. According to 
Huygens principle, every point of any wavefront becomes a new source and 
sends out a secondary wave. The sum of all these secondary waves forms a 
new wavefront at any time subsequently. Following Huygens principle, Love 
gave a more rigorous illustration by using fictitious electric and magnetic 
currents to explain the secondary sources [39]. A more generalized principle 
was presented by Schelkunoff, which is the surface equivalence theorem [39, 
48]. Based on this theorem, the field solutions outside a surface enclosed 
region (source free) are determined by the tangential fields at the surface. 




           Fig. 2.4 Schematic of the metasurfaces with fictitious electric and  
           magnetic current densities for electromagnetic wave manipulation. !
With this surface equivalence theorem, metasurfaces can be applied to 
manipulate the wavefront of the electromagnetic wave at will as illustrated in 
the schematic in Fig. 2.4 [49, 50]. When electromagnetic waves propagate 
from area 1 to area 2, arbitrary field distributions at the area 2 can be realized 
by placing fictitious electric and magnetic current densities at the boundary. 
The boundary conditions need to be satisfied in the form of: 
                   ,                     (2-9) 
                   ,                     (2-10) 
where  and are the current densities at the boundary,  and  
are the fields in the area 1,  and  are the fields in the area 2, and  
is the propagation direction. From the surface equivalence theorem, we know 
that only the tangential components of the surface current densities dominate 















the field distributions. Therefore, surface impedance can be derived as the 
ratio of the surface current densities to the averaged tangential components at 
the metasurfaces. With the derived surface impedance, metasurfaces can be 
divided into different unit cells for realization. For each unit cell, the surface 
impedance can be directly calculated with the transmission and reflection 
coefficients when the unit cell is positioned periodically. In this way, the 
wavefront manipulation is determined by the properties of the optically thin 
scatters of all the unit cells, which provides us with an artificial means to 
control the wavefront. Furthermore, the abrupt phase changes introduced by 
the scatters in the metasurfaces remove the propagation effect in the bulky 
metamaterials, which is essential for flat optics and compact system 
integration. 
2.2.1 Gradient metasurfaces 
Even though the idea of metasurfaces has been studied for years, this area 
does not attract intense research attentions until Prof. Capasso’s beautiful 
illustration of the generalized laws of reflection and refraction using gradient 
metasurfaces [51]. In conventional optics and 3D bulky metamaterials, the 
wavefront of the electromagnetic wave is shaped through the phase 
accumulation along the optical path. Metasurfaces, on the other hand, bring a 
new degree of freedom to shape the wavefront by introducing abrupt phase 
changes along the optical path. Based on Fermat’s principle, light that 
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propagates between two points would follow the least optical path. A general 
form of Fermat’s principle is that with any infinitesimal change of the optical 
path, the derivative of the accumulated phase along the optical path should be 
zero [51]. In this sense, when an abrupt phase change is introduced along the 
optical path, it would modify the trajectory that the light propagates through, 
which leads to the investigation of wavefront shaping with metasurfaces.  
 
                 Fig. 2.5 Schematic of the refraction with abrupt phase  
                 changes at the interface (Reprinted from [51]). 
Based on Fermat’s principle, generalized laws of reflection and refraction can 
be derived. As shown in Fig. 2.5, when a plane wave propagates from A to B, 
two optical paths that are infinitesimal close to the actual optical path should 
present the same phase accumulations and the phase difference follows the 
equation: 
          [k0ni sin(θi )dx +Φ+ dΦ]− [k0nt sin(θt )dx +Φ]= 0 ,       (2-11) 
where θi is the incident angle, θt is the refraction angle, k0  is the 
wavenumber of the wave in the free space, dx  is the distance between two 
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crossing points, Φ+ dΦ  and Φ  are the phase changes at the interfaces, ni  
and nt  are the refractive indices, respectively. When the phase gradient at the 
interface is constant, the generalized law of refraction can be derived as:  




dx .               (2-12) 
The generalized law of reflection can be derived similarly as follows: 




dx ,                  (2-13) 
where θr is the reflection angle. Base on these equations, when the abrupt 
phase change of the scatters in the metasurfaces is artificially controlled, the 
gradient phase dΦ dx  along the interface can be manipulated to shape the 
wavefront at will. Capasso’s group introduced V-shape antennas to firstly 
demonstrate the generalized laws in the mid-IR range. As shown in Fig. 2.6(a), 
eight unit cells (yellow colour) with different geometries are designed and 
positioned periodically. Each unit cell presents the same scattering amplitude, 
but incremental π/4 phase shift compared to the neighbouring antennas. 
Governed by the generalized laws of reflection and refraction, anomalous 
reflection and refraction can be realized as shown in Fig. 2.6(b). Following the 
design concept of gradient metasurfaces, a variety of other metasurfaces has 
been proposed and demonstrated for beam focusing, polarization manipulation 
and hologram [40].  
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Fig. 2.6 (a) SEM image of the antenna arrays and (b) the schematic of wave propagation with 
the metasurfaces. (Reprinted from [51]) !
2.2.2 Additional types of metasurfaces 
Besides gradient metasurfaces, many additional types of metasurfaces with 
novel functionalities have been investigated, such as Huygens metasurfaces 
and active metasurfaces.  
Huygens metasurfaces are to fully manipulate the wavefronts of 
electromagnetic waves by the control of electric and magnetic currents. In 
most metasurfaces, only the electric current is utilized for the wavefronts 
shaping, which restricts the working efficiency and the ability to perfectly 
control the wavefronts. The pioneer work for Huygens metasurfaces was 
proposed and demonstrated in Ref. [49]. The researchers presented a 
straightforward design methodology for beam shaping with Huygens 
metasurfaces. This methodology has been used to design a reflectionless sheet 
and a Gaussian-to-Bessel beam transformer. The basic operation principle is 
illustrated in the surface equivalence theorem mentioned previously with Eqs. 
(2-9) and (2-10). Following this principle, researchers have demonstrated 
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Huygens metasurfaces with other functionalities, such as independent 
manipulation of orthogonally polarized transmitted wave and dielectric 
Huygens metasurfaces with high efficiency [50]. 
Active metasurfaces are another kind of design that aims to eliminate the static 
and narrow band optical responses of the resonators in the metasurfaces. 
Tunable and reconfigurable optical properties are always desirable for 
practical applications. A great deal of approaches has been applied to active 
metasurfaces, such as optical pumping in semiconductors, electrical current 
control, temperature manipulation and microelectromechanical systems 
(MEMS) [8, 52-54]. A typical example is illustrated in Fig. 2.7 [52]. The 
active optical performance relies on the variation of complex permittivity of 
the semiconductor substrate under a loaded voltage bias. The complex 
permittivity of semiconductor can be depicted as εˆ = ε1 + iε2 , where ε1  and 
ε2  are the real and imaginary parts, respectively. Through the loaded bias, the 
carrier density in the semiconductor can be controlled, which modifies the 
values of ε1  and ε2 . With the variation of ε1 , the resonance frequency of 
the resonator would shift. ε2  would affect the damping rate of the resonance 
and change the amplitude of the resonance. By controlling these two values, 
the tunable resonance behavior can be obtained, which provides us with an 
efficient approach to realize metasurface-based devices with tunability. 
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         Fig. 2.7 Schematic of active tuning via a voltage bias. (Reprinted from [52]) !
2.3 Terahertz metamaterials and metasurfaces 
The innovative electromagnetic functionalities promised by metamaterials and 
metasurfaces can be applied to terahertz frequencies. The basic principle of 
terahertz metamaterials and metasurfaces is to engineer the electric and 
magnetic responses of resonators at terahertz frequencies. This is similar to the 
principle of metamaterials and metasurfaces described in sections 2.1 and 2.2. 
Despite the general working principle, terahertz metamaterials and 
metasurfaces have some special properties. For instance, the smallest feature 
size of the resonators in terahertz metamaterials and metasurfaces is on the 
orders of several microns. The resonators can be patterned using conventional 
microfabrication techniques. Besides the size of the resonators, terahertz 
electromagnetic response of the materials that are used to construct the 
resonators is another critical issue. Different metals, semiconductors and 
dielectrics show different properties at terahertz frequencies. For instance, 
! 28!
high resistivity silicon is commonly used as the substrate for terahertz 
metamaterials and metasurfaces because it can minimize the terahertz 
absorption. Metals with high conductivity are utilized to fabricate the 
resonators because such resonators show strong electromagnetic responses. 
The pioneer work of terahertz metamaterials and metasurfaces was presented 
in 2004 with the experimental demonstration of terahertz magnetic responses 
using an array of nonmagnetic SRRs [55]. This unique magnetic response is 
hard to be obtained with naturally available materials. Following this work, a 
diversity of terahertz metamaterials and metasurfaces has been realized to 
achieve innovative terahertz responses, such as negative index [56], cloaking 
[57], hologram [58], extraordinary optical transmission [59] and active 
terahertz manipulation [34, 52]. Based on the unique properties of terahertz 
metamaterials and metasurfaces, terahertz meta-devices have been 
demonstrated, such as terahertz modulators [60], filters [61], wave-plates [26], 
absorbers [62] and polarizers [22]. Therefore, terahertz metamaterials and 
metasurfaces provide us with a new freedom to artificially control the 
light-matter interactions in terahertz frequencies. 
2.4 Numerical simulations 
Numerical simulation is an efficient approach to numerically predict the 
optical response of resonators with complex geometries. In this study, CST 
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microwave studio and lumerical FDTD are used for the numerical calculation. 
CST microwave studio is a powerful tool to calculate the optical response of 
resonators in the microwave region, especially for thin film calculation. 
Lumercial FDTD is another numerical simulation software that has been 
widely used in visible and infrared ranges. As the spectrum of terahertz wave 
is between infrared and microwave regions, both softwares can be utilized to 
predict the optical response of the designed metasurfaces. 
2.4.1 CST microwave studio 
In the CST microwave studio simulation, a frequency domain solver is 
adopted to calculate the transmission/reflection coefficients, complex electric 
field distributions and surface current distributions of the 3D structures. To 
simulate the periodic structures, the x- and y- axes boundary conditions are set 
to be “unit cell” and the z-axis boundary condition is “open add space”. 
Floquet-mode solvers are applied to the ports to achieve fast and accurate 
simulation. The polarization state and mode type can be easily analyzed using 
the calculated S-parameters. The optical properties of different materials can 
be defined in the software using different models, such as Drude model, 
lossless dielectric and lossy metal. The details of the simulation parameters 
and results will be discussed later. With the simulated spectra and field 
distributions, the resonance modes can be analyzed to guide our design of 
different terahertz metasurfaces. 
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2.4.2 Lumerical FDTD  
Lumerical FDTD is an alternative to CST microwave studio. The simulated 
results in FDTD can be compared with those obtained in CST microwave 
studio for confirmation. Besides, the parameter sweep and fine meshing in 
FDTD are good for parameters optimization and accurate results.  
The simulation is performed in the time domain. During the simulation, an 
optical pulse from the source illuminates on the structures defined in the 
simulation region. In the simulation region, all the structures are divided into 
small cuboids with sub-wavelength scale. This process is also called meshing. 
With a smaller meshing, the results would be more accurate, but at the same 
time, it needs more memory and time to obtain the results. In our design, the 
resonators are periodic structures. To realize such a design in the simulation, 
we set the x- and y- axes boundary conditions to be “periodic”. For the 
boundaries that are perpendicular to the plane of the metasurfaces (z-axis), 
boundary conditions of perfectly matched layers are applied to eliminate the 
reflections from these boundaries. Different monitors are placed at the 
positions of interest to record the field distributions. When the time domain 
calculation is finished, Fourier transform is applied in the software to extract 
the optical information in the frequency domain. Therefore, the 
transmission/reflection spectra and spatial electric field distributions can be 
obtained.  
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2.5 Fabrication procedures 
Micro-fabrication techniques are employed because the designed parameters 
of terahertz metasurfaces are in the micro-scale. From the initial sample 
cleaning to the final patterns, all the steps are important to the quality of the 
fabricated terahertz metasurfaces. In this section, each fabrication procedure is 
described in detail.  
2.5.1 Sample cleaning 
In this work, two kinds of substrates including polyethylene naphthalate (PEN) 
films and sapphire substrates are used for the terahertz metasurfaces 
fabrication. The thickness of the PEN film is 100 µm. The sapphire substrate 
is a c-cut single crystal substrate with a thickness of 500 µm. The reason for 
adopting different substrates will be discussed later. The objective of sample 
cleaning is to eliminate the possible contamination on the substrates by 
removing the dust and debris, which is crucial for the following fabrication 
procedures. The substrates are immersed into acetone, isopropyl alcohol (IPA) 
and de-ionized water in sequence in an ultrasonic bath for 15 minutes. Then 
the substrates are dried with pure nitrogen gas.  
2.5.2 Photoresist coating 
The objective of photoresist coating is to get a uniform light sensitive film on 
the substrates. This is to ensure that uniform and precise patterns can be 
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created on the substrates after UV light exposure, which can be used for 
pattern transfer later. In our experiments, positive photoresist S1813 is 
employed during photoresist spin-coating.  
During the coating process, a few droplets of S1813 are firstly dropped on the 
substrates to cover most surface area of the substrates. Then, the spin coater 
rotates at a low spin rate of 1000 rpm for 10 s with an acceleration rate of 200 
rpm/s. This process is to ensure that the photoresist is uniformly distributed on 
the whole surface of the substrates. Following this step, the speed of the spin 
coater is at 3000 rpm for 30 s with an acceleration rate of 500 rpm/s. The last 
step is soft baking the samples at 110 °C for one minute using a hotplate. This 
process is to remove excess solvent in the photoresist and increase the 
adhesion between the photoresist and the substrate.  
The thickness of the photoresist is important for laser exposure and photoresist 
develop. In order to characterize the thickness of photoresist, a portion of the 
photoresist is removed by the photoresist developer after UV light exposure. 
Then the thickness of the photoresist at ~1.5 µm is measured by a step surface 
profiler, as shown in the schematic of Fig. 2.8. Due to the surface tension, the 
thickness of photoresist is not uniform at the edge of the substrate. This 
negative effect can be avoided when the area of the substrate is large enough 
to make the non-uniform photoresist area out of the laser exposing area. 
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Fig. 2.8 Schematic of the photoresist thickness measurement by a surface profiler. !!
2.5.3 Laser micro-lens array lithography 
Laser micro-lens array (MLA) lithography is a fabrication technique that uses 
micro-lens array to split an expanded laser beam into more than 10,000 
tiny-focused beams for parallel exposure. These tiny-focused beams can be 
used to define over 10,000 patterns on the photoresist simultaneously over an 
area of 1×0.5 cm2 within a few seconds. When the samples are put on a PC 
controlled nano-stage, the patterns can be programmed and arbitrary shapes 
can be fabricated flexibly without a mask. This technique is also a non-contact 
fabrication technique, which eliminates the contamination of the samples. 
 
Fig. 2.9 (a) Schematic of the laser MLA lithography system. (b) Schematic view of the 
working principle of the MLA. 
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The schematic of the laser MLA lithography system is shown in Fig. 2.9 [61, 
63]. The laser source is a UV laser with a wavelength of λ = 400 nm. An 
attenuator is used to control the power of the laser for exposure. A mechanical 
shutter is used to control the exposure time. A beam expander is mounted on 
the optical path to expand the beam size in order to obtain a uniform and large 
area laser illumination on the whole MLA, which is the essence of the system. 
The MLA splits the incident laser beam into many tiny beams. All these tiny 
beams are focused into micro-scale spots. In order to ensure that all the 
focused spots are on the surface of the samples, the substrates must be exactly 
parallel to the MLA. This is realized by a 7-axis translation nanopositioning 
stage. More than 10,000 patterns with arbitrary shapes can be defined on the 
photoresist simultaneously by controlling the movement of the nano-stage and 
the switching of the mechanical shutter. 
In this study, the MLA with the periodicity of 100 µm is used to fabricate 
metasurfaces with a minimum line width of ~1.5 µm. After UV light exposure 
with the MLA, the photoresist is developed in MF319 developer for one 
minute. Then the sample is immersed into DI water followed by dry blowing 





Besides the laser MLA lithography system, conventional UV photolithography 
system is employed to fabricate complex metasurfaces. Before the exposure, a 
metal mask made of chromium (Cr) on a glass substrate is fabricated using a 
laser writer. Then the mask is placed on the photoresist using the mask aligner. 
UV light is illuminated on the mask to expose those areas that are not covered 
with the Cr mask. After the exposure and photoresist develop, the patterns on 
the mask can be transferred to the photoresist.  
The advantage of the photolithography system is that it can perform 
multi-exposure on the samples to integrate different complex structures with 
the alignment system. In this study, two metal masks are used to generate a 
hybrid metasurface by precisely controlling the relative position between the 
sample and the mask.   
2.5.5 Metal film deposition and lift-off 
In this study, a thermal evaporator is used to deposit metal films on the 
substrates. As shown in the schematic of Fig. 2.10 [64], during the thermal 
evaporation, materials are placed on a metal plate or a hot filament made of 
high resistance materials, such as tantalum, molybdenum and tungsten. When 
an electrical current passes through the metal plate, it can be heated up to a 
high temperature. This high temperature causes the materials to melt and 
evaporate. The substrates are positioned on top of the metal plate for the film 
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deposition. In order to get a uniform film, the evaporation process is carried 
out under a pressure of around 10-6 mTorr. This technique can be applied to 
deposit most metal films, such as Au, Ag, Cu and Al.  
 
           Fig. 2.10 Schematic working principle of a thermal evaporator. !
After the metal film deposition on the patterned photoresist that is realized by 
laser MLA lithography or photolithography, a lift-off process is carried out for 
pattern transfer. During the lift-off process, the samples are immersed into 
acetone in an ultrasonic bath. Photoresist on the substrates dissolves in the 
acetone and those metals on the photoresist can be removed, leaving metallic 
patterns on the substrates. Figure 2.11 illustrates the procedures of metal film 
deposition and lift-off process.  
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          Fig. 2.11 Schematic of metal film deposition and lift-off process. 
In order to increase the adhesion between the metal films and the substrates, a 
thin layer of Cr film with a thickness of 10 nm is deposited before other metal 
film deposition. During the lift-off process, the thickness of the metal films 
should be less than 1/3 of the thickness of the photoresist to achieve a 
complete lift-off. In our experiment, the thickness of the metal film is around 
200 nm while the thickness of the photoresist is around 1.5 µm.  
2.5.6 Pulsed laser deposition 
Pulsed laser deposition is used for VO2 thin film growth on the sapphire 
substrates. A commercial vanadium single crystal (100) oriented metal target 
with 5N purity (from Goodfellow) is used in the deposition chamber under a 
low oxygen pressure. A 248 nm KrF excimer laser (pulse duration 20 ns) at a 
rate of 5 Hz and a laser fluence of 2 J/cm2 is applied on the target. The 
deposition conditions are optimized to get sharp metal-insulator transition. 
The optimized deposition temperature is kept at 500 °C and the deposition 
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oxygen pressure is 1 mTorr. After 40,000 pulses deposition, the oxygen 
pressure is immediately increased to 5 mTorr and the VO2 film is annealed 
under this pressure for one hour. Then the sample is cooled down at a rate of 
10 °C/min to room temperature.  
When the VO2 film is deposited on the substrates, a thin layer of photoresist 
S1813 is spin-coated on the samples followed by UV photolithography 
exposure using the same process described in the section 2.5.4. The VO2 areas 
without protection from photoresist are etched away by ion milling. After the 
photoresist cleaning by acetone and DI water, the VO2 structures are formed 
on the sapphire substrates. 
2.6 Characterization 
In this study, optical microscope and terahertz time-domain spectroscope are 
used. The optical microscope is applied to get the geometrical information of 
the fabricated terahertz metasurfaces. The terahertz time-domain spectroscope 
is employed to obtain the optical responses of the designed metasurfaces. 
2.6.1 Optical microscope 
In this study, an Olympus MX-50 optical microscope is used to capture the 
optical images of the metasurfaces. The magnification factor is up to 150 
times. The microscope is connected to a CCD camera and is controlled by a 
computer with the imaging analysis software.  
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2.6.2 Terahertz time domain spectroscope 
Terahertz time domain spectroscope (THz-TDS) is employed to measure the 
optical properties of the designed terahertz metasurfaces [65]. In this system, 
both the terahertz emitter and detector are based on photoconductive antennas. 
A beam splitter is used to split a fs laser beam (center wavelength 800 nm, 
pulse duration 10 fs, repetition rate 80 MHz) into two beams which are then 
guided into the emitter and detector, respectively. In the terahertz emitter, the 
photoconductive antenna that is fabricated on a low temperature growth GaAs 
(LT-GaAs) is loaded with a voltage bias. When the fs laser beam with an 
average power of 28 mW is illuminated on gap of the antenna, photocarriers 
can be generated in the LT-GaAs. These free carriers are accelerated under the 
loaded voltage bias. The accelerating charges can produce broadband terahertz 
pulses. In the terahertz detector, the fs laser beam with an average power of 32 
mW is illuminated on the gap of photoconductive antenna to generate 
photocarriers. When the terahertz field is shining on the gap, a current can be 
induced in the photoconductive antenna. This current is proportional to the 
amplitude of the terahertz field. By measuring the current with a time delay 
between the terahertz pulse and the fs laser beam guided into the detector, the 
terahertz pulse can be mapped out in the time domain. After the terahertz 
pulse is mapped out, a fast Fourier transform (FFT) is used to calculate the 
amplitude and phase information of the terahertz wave in the frequency 
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domain. The phase information obtained in this system provides us with 
another freedom to investigate the optical properties of the materials, which is 
hard to be achieved in conventional spectroscopes that only record the 
amplitude information of the electromagnetic wave, such as Fourier transform 
spectroscope. Two wire-grid terahertz polarizers are placed in front of the 
emitter and detector to control the polarization of the input and output 
terahertz wave. The system is put inside a sealed purging box, which is filled 
with nitrogen gas to minimize water absorption in terahertz range. The 
working principle of THz-TDS is shown in the schematic of Fig. 2.12. 
 







Chapter 3 Resonance and Amplitude 
Tuning with Metasurfaces 
 
The optical properties of metasurfaces are governed by the interaction 
between the resonators and electromagnetic waves. In this chapter, two 
designs are proposed and demonstrated to tune the resonance behaviors of the 
resonators for prescribed electromagnetic properties. The first design is spiral 
shape terahertz metasurfaces that consist of different metallic resonators. The 
near-field coupling effect among the resonators would affect the resonance 
behaviors, which can be applied to tune the optical properties. The second 
design is gammadion metasurfaces embedded with splits. The introduced 
splits enable selective excitation different resonance modes for terahertz wave 
amplitude modulation and broadband static resonance frequency tunability.  
3.1 Spiral shape metasurfaces for resonance tuning  
In this section, spiral shape terahertz metasurfaces are proposed and 
demonstrated to tune the resonances through the near-field coupling among 
the resonators. This novel design is possible to extend the working bandwidth 
in metasurfaces-based terahertz devices when it is integrated with other 
techniques, such as MEMS, to tune the coupling of the resonators. 
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3.1.1 Introduction 
As discussed in Chapter 1, besides changing the size and geometric of the 
resonators, near-field coupling among the resonators is another prominent 
electromagnetic property [18, 66, 67], which changes the fundamental 
resonance frequency of each resonator [68, 69]. Recently some researchers 
have investigated the near-field coupling among SRRs in terms of lattice size 
and orientation [70]. Both the electric and magnetic couplings have been 
studied [71, 72]. Meanwhile, long-range diffractive coupling is also 
investigated for higher order resonances [71, 73]. However, most research on 
the coupling effect is based on SRRs at the same size, which can only work at 
one single wavelength.  
In this study, a novel spiral-shaped terahertz metasurface formed by four half 
rings at different sizes is realized. The coupling effect among the four half 
rings is investigated to achieve tunable terahertz metasurfaces at the four 
resonance frequencies. In one unit cell, four half rings are connected in a spiral 
shape with a small gap, which introduces mutual capacitance and inductance 
coupling among different half rings. This design leads to the red and blue 
shifts of fundamental resonant frequencies. By increasing the gap size, the 
coupling effect among the half rings can be tuned agilely.  
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3.1.2 Sprial shape metasurfaces design, fabrication and 
characterization 
As shown in Fig. 3.1(a), the outer radii of four copper (Cu) half rings R1, R2, 
R3 and R4 are 15, 20, 25 and 30 µm, respectively. The width of all the half 
rings is 5 µm. Four half rings are arranged in the spiral-shape at a gap of d=2 
µm with a square lattice dimension of 100 µm and the electric field of the 
incident wave is parallel to the gap. The optical microscope image of the 
fabricated spiral shape terahertz metasurfaces is shown in Fig. 3.1(b). The 
structures are uniform over an area of 1× 0.5 cm2. The size of the unit cell is 
100 µm and the gap size is 2 µm. The transmission spectra are obtained by the 
THz-TDS system in the nitrogen environment, which attenuates the water 
absorption in terahertz range. 
 
Fig. 3.1 (a) Schematic of the spiral shape metasurfaces. Four half rings are arranged in a spiral 
shape with a small gap. The electric field of the incident wave is parallel to the gap. (b) 
Optical microscope image of spiral shape metasurfaces. The scale bar is 200µm. !
Besides the coupled design, the four half rings are fabricated separately with 
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the same periodicity as the coupled design. The optical microscopic images 
are shown in Fig. 3.2. 
 
Fig. 3.2 Optical microscope images of the four half rings (a) R1, (b) R2, (c) R3 
and (d) R4, respectively. All the scale bars are 200 µm. !
 
3.1.3 Resonance tuning results and coupling effect  
In this spiral shape metasurfaces, each half ring can be regarded as a SRR and 
excites the LC resonance. The fundamental LC resonance occurs when 
electrons in the half ring collectively oscillate along the full half ring loop. 
The resonant frequency of each half ring can be described by the equation 
ωL =1/ !" , where L is the effective inductance and C the effective 
capacitance of each half ring.  
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             Fig. 3.3 Simulated transmission spectra of the four separate half  
ring arrays and the coupled spiral shape design at the gap of 2 µm. !
As shown in the simulation results of Fig. 3.3, when four half rings R1, R2, 
R3 and R4 are individually designed with a period of 100 µm, which is the 
same as the unit cell size in the spiral structure, four different resonant 
frequencies are observed at 2.016, 1.718, 1.429 and 1.205 THz, respectively. 
This is due to the fact that the radii of the half rings are different, leading to 
different effective inductance and capacitance. Based on the simulation results, 
smaller half rings resonate at higher frequencies. When these four half rings 
are arranged in the spiral structure at the gap of 2 µm, the resonant frequencies 
of R1, R2 and R3 shift to higher frequencies at 2.205, 1.801 and 1.440 THz, 
respectively. However, the resonant frequency of R4 shifts to a lower 
frequency at 1.000 THz.  
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Fig. 3.4 Experimental measured transmission spectra of four separate  
half-ring arrays and the coupled spiral shape design at the gap of 2 µm. !
In the experimental results shown in Fig. 3.4, four half rings R4, R3, R2 and 
R1 individually resonate at 0.764, 0.959, 1.424 and 1.678 THz, respectively. 
When the four half rings are arranged into the spiral shape structure at the gap 
size of 2 µm as shown in Fig. 3.1(b), R4 resonant frequency shifts to a lower 
frequency at 0.734 THz and the other three resonant frequencies of R3, R2 and 
R1 shift to higher frequencies at 0.974, 1.454 and 1.723 THz, respectively. 
Due to the substrate effect and the materials utilized in the simulation are 
perfect electrical conductors, the resonant frequencies in the simulation are 
different from the experimental results. However, the shifting trends of four 




Fig. 3.5 (a) Illustration of the LC circuit model for the half ring R1. (b) Illustration of the LC 
circuit model for the half ring R1 in the spiral shaped structure. !
These frequency-shifting trends in both simulation and experimental results 
indicate a strong coupling in this spiral shape structure. In order to illustrate 
these shifting trends, a LC model is used as shown in Figs. 3.5(a) and (b). An 
inductor L and a capacitor C are defined to describe the resonance of the half 
ring as shown in Fig. 3.5(a). When the half ring is arranged into this spiral 
shape design, the mutual capacitance coupling in the gap introduces an 
additional gap capacitance, which is parallel to the original capacitor of the 
half ring. Thus the effective capacitance increases based on the equation Ceff = 
C + Cadd, where Ceff is the effective capacitance, C is the original capacitance 
and Cadd is the coupled capacitance. In this spiral shape structure, mutual 
inductance coupling among different half rings introduces an extra inductance 
as the coupled inductors are parallel to each other, making the effective 




, where Leff is the effective inductance, 
L is the original inductance and Ladd is the coupled inductance. Therefore, the 
resonant frequency of the half ring in the spiral shape design can be described 
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by Eq. (3-1) for approximation, 








   ,
            (3-1) 
where ωL is the resonant frequency. Eq. (3-1) indicates that mutual capacitance 
coupling in the gap results in a red shift of the resonant frequencies and 
mutual inductance coupling among the half rings leads to a blue shift of the 
resonant frequencies. In both the simulation and experimental results, the 
resonant frequency of R4 shifts to a lower frequency when it is arranged into 
the spiral structure. This means that the mutual capacitance coupling 
dominates the overall coupling effect and leads to the red shift of the resonant 
frequency. The resonant frequencies of R1, R2 and R3 shift to higher 
frequencies, suggesting that the mutual inductance coupling dominates the 
whole coupling effect. Meanwhile, the shifting range of the resonant 
frequency of R3 is relative small compared to the shifting range of other three 
resonant frequencies in both the simulation and experimental results. This 
result indicates that both the mutual capacitance and inductance couplings 




Fig. 3.6 Simulated electric field distributions at the gap of 2 µm at (a) 1.000,  
(b) 1.440, (c) 1.801 and (d) 2.205 THz, respectively. !
In order to explain the mutual capacitance and inductance coupling effects in 
this spiral shape structure, the electric field distributions at 1.000, 1.440, 1.801 
and 2.205 THz are plotted. As shown in Fig. 3.6(a), the electric field is 
enhanced in the gap. This electric field enhancement in the gap indicates the 
existence of the mutual capacitance coupling, which increases the effective 
capacitance of R4. This agrees with the red shift of the fundamental LC 
resonance of R4. Figure 3.6(b) shows that electric field is also enhanced in the 
gap of R3. However, the mutual inductance coupling between R4 and R2 is 
also observed as shown in the green part in Fig. 3.6(b). This mutual 
inductance coupling leads to the decrease of the effective inductance, resulting 
in a blue shift of the fundamental LC resonance. The overall effect of mutual 
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capacitance and inductance coupling explains the small resonant frequency 
shift of R3. The electric field distribution in Fig. 3.6(c) shows the electric field 
enhancement in the gap between R1 and R2. The green part in Fig. 3.6(c) 
indicates the mutual inductance coupling between R1 and R3. The blue shift 
of R2 suggests that the mutual inductance coupling dominates the overall 
coupling effect. In Fig. 3.6(d), the green part shows that the mutual inductance 
coupling between R1 and R3 dominates the coupling effect, causing the blue 
shift of the fundamental resonant frequency of R1. The red shift of R4 and 
blue shift of R1, R2 and R3 show that this spiral shape design combines four 
half rings into one unit cell and the coupling effect among different half rings 
changes the electromagnetic properties of each half ring. This coupling effect 
in the spiral shaped design promises a novel method to tune four resonant 
frequencies and the hot spots can be selectively excited under different 
frequencies. 
 
   Fig. 3.7 (a) Simulation results of the transmission spectra at the gap of 2 and 5 µm. 
   Simulated electric field distributions at the gap of 5 µm at (b) 1.073, (c) 1.474, (d)  
   1.837 and (e) 2.219 THz, respectively. !
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Figure 3.7 shows the simulated transmission spectra when the gap increases 
from 2 to 5 µm and the electric field distributions at the gap of 5 µm at 1.073, 
1.474, 1.837 and 2.219 THz, respectively. As shown in Fig. 3.7(a), when the 
gap size increases from 2 to 5 µm, four resonant frequencies shift from 1.000, 
1.440, 1.801 and 2.205 THz to higher frequencies at 1.073, 1.474, 1.837 and 
2.219 THz, respectively. This blue shift arises from the fact that when the gap 
size increases, the additional gap capacitance decreases, making the effective 
capacitance Ceff decrease. However, the effective inductance Leff remains 
unchanged as the relative positions between R4 and R2, R3 and R1 are the 
same and the inductance coupling does not change. Therefore, the shifting 
trends of the four resonant frequencies are dominated by the mutual 
capacitance coupling. Figure 3.7(b) shows the electric field distribution at the 
gap of 5µm at 1.073 THz. The amplitude of the electric field in the gap is 
smaller in Fig. 3.7(b) (maximum: 41) than the amplitude of the electric field in 
Fig. 3.6(a) (maximum: 78), suggesting the coupling intensity decreases when 
the gap size increases. The amplitudes of the electric field in the gap in Figs. 
3.7(c)~(e) are also smaller (maximum: 37, 27 and 29) compared to those in 
Figs. 3.6(b)~(d) (maximum: 47, 39 and 31). Therefore, the decrease of the 
coupling intensity in the gap reduces the effective capacitance Ceff while the 
effective inductance Leff remains unchanged, leading to the blue shift of the 
four resonant frequencies. This gap variation can be applied to get tunable 
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electromagnetic responses for multiband terahertz applications. 
To summarize, a spiral shape terahertz metasurface formed by four different 
half rings was fabricated with laser MLA lithography and characterized in 
THz-TDS system. The coupling effect among four half rings was investigated 
to tune electromagnetic responses. Both the experimental and simulation 
results suggest that in this spiral structure, the mutual capacitance coupling 
among different half rings results in a red shift of the resonant frequency and 
the mutual inductance coupling among different half rings leads to a blue shift 
of the resonant frequency. By varying the gap size, four resonant frequencies 
can be tuned simultaneously.  
3.2 Gammadion metasurfaces for amplitude and 
resonance manipulation 
The different resonance modes in metasurfaces are crucial for prescribed 
electromagnetic properties. In this section, the design, fabrication and 
characterization of gammadion metasurfaces embedded with splits are 
investigated. The introduced splits enable selective excitation different 
resonance modes for terahertz wave amplitude modulation and broadband 
static resonance frequency tunability.  
3.2.1 Introduction 
In recent years, researchers have studied various terahertz metasurfaces to 
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control the amplitude, phase, spatial propagation and polarization of THz 
wave [52, 60, 74]. Among the previous terahertz metasurfaces, SRRs and 
gammadion structures are two widely investigated designs because they can 
effectively manipulate terahertz wave [75-81]. One of the limitations of SRR 
is that it only supports one fundamental resonance mode. This limitation can 
be eliminated in gammadion metasurfaces because they support different 
resonance modes owing to the rotational symmetry. Previous work on 
gammadion structures is mainly focused on stacking different layers of 
gammadion structures and investigating the optical activities [79-81]. Little 
work has been done to study the different resonance modes in one layer of 
gammadion metasurfaces, which may provide us with a new freedom to 
manipulate terahertz wave based on these different resonance modes.         
In this study, the design and experimental demonstration of gammadion 
metasurfaces embedded with a pair of splits are presented. By designing the 
splits at different arms in the gammadion structure, we can achieve terahertz 
wave amplitude manipulation at the resonance frequency in the transmission 
spectra. Broadband static resonance frequency tunability can also be realized 




3.2.2 Gammadion metasurfaces design, fabrication and 
characterization 
As shown in Fig. 3.8(a), the original gammadion metasurface structure has a 
side length of a = 60 µm and line width of w = 3 µm. The length of each arm 
is b = 30 µm. The whole patterns are periodic arrays of the basic unit in a 
square lattice with the periodicity of d = 100 µm. For illustration, the arms in 
this gammadion structure are labeled as A, B, C and D arms. 
 
Fig. 3.8 (a) Schematic of the gammadion terahertz metasurface structure. (b) Decomposition 
into two resonance components of the gammadion metasurface structure.  !
This gammadion structure, different from conventional C shape SRR, has a 
four-fold degree of symmetry. In the gammadion structure, two components 1 
and 2 shown in Fig. 3.8(b) can be decomposed to investigate the resonance 
behaviors. Considering that the electric field of the incident terahertz wave is 
in the vertical direction, the resonance intensity in component 1 is different 
from that in component 2.  
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Fig. 3.9 (a)−(c) The microscope images of the gammadion metasurface structures embedded 
with split pairs in B, A and C arms. All the scale bars are 100 µm. The insets are the unit cells 
embedded with splits. The length x in (c) is the distance between the center of splits and A 
arm. !
When a split pair is introduced at different arms, two components can be 
selectively excited to manipulate the incident terahertz wave. Figures 3.9(a) 
and (b) show the designs of a split pair located in the middle of B and A arms 
with a split gap of 4 µm, which cut off one resonance component and only the 
other resonance component can be excited. Therefore, the amplitude of 
terahertz wave can be manipulated with respect to the split positions at A and 
B arms. Figure 3.9(c) shows a split pair designed in C arm, which changes the 
resonance of component 1 and at the same time maintains the excitation of 
component 2. Thus, broadband static resonance frequency tunability is 
realized by changing the relative positions of the split pair at C arm. 
All the samples were fabricated by the laser MLA lithography on the 100 µm 
thick PEN films (Teonex Q51, Teijin Dupont Films) [61]. The samples were 
measured by the THz-TDS system in transmission mode under a nitrogen 
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environment to minimize water absorption. A bare PEN film was used as a 
reference sample and all the measured transmission spectra were normalized 
to the reference sample. Numerical simulation was carried out in commercial 
software CST microwave studio to simulate the transmission spectra, electric 
field distributions and surface current distributions at the resonance 
frequencies. 
3.2.3 Amplitude manipulation 
The designed structures shown in Figs. 3.9(a) and (b) were selected to 
investigate the terahertz wave amplitude manipulation. A split pair was 
introduced to maintain the rotational symmetry of the gammadion structure. 
The measured transmission spectra are shown in Fig. 3.10(a). The gammadion 
metasurface structure without the split pair presents a transmittance of 14% at 
the resonance frequency of 1.00 THz. When the split pair is introduced in the 
center of B arm, the transmittance becomes 24% at the resonance frequency of 
0.97 THz. When two splits are designed in the middle of A arm, the 
transmission becomes 61% at the resonance frequency of 0.99 THz. The 
metasurface without the split pair has the smallest transmission because both 
components 1 and 2 contribute to the resonances. When the split pair is 
embedded into different arms, components 1 and 2 can be selectively activated 
with different resonance intensities, which lead to different amplitudes of the 
transmitted terahertz wave at resonance frequencies.  
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Fig. 3.10 (a) Measured and (b) simulated transmission spectra for the gammadion 
structures without and with a split pair in B and A arms. (c)−(e) Simulated electric  
field distributions of the structures without a split pair, with a split pair in B and  
A arms at 0.98 THz, respectively. The corresponding surface current distributions  
are shown in (f)−(h). !
Figure 3.10(b) shows the simulated transmission spectra. It is observed that 
the metasurface structure without a split pair shows the transmitted amplitude 
of 0.11 at 0.98 THz. When the splits are in the center of A and B arms, the 
amplitudes are 0.72 and 0.26 at 0.98 THz. The amplitude variation range for 
different split positions in the measured spectra is similar to the simulation 
data. The small difference between experimental and simulation results 
corresponds to the size variation during fabrication. The similar amplitude 
variation range indicates that such a new design can be applied to terahertz 
wave amplitude manipulation by selective excitation of the resonance 
components 1 and 2. 
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Figures 3.10(c)−(h) show the simulated electric field and surface current 
distributions of metasurface structures without and with a split pair in B and A 
arms at the resonance frequencies. As shown in Figs. 3.10(c) and (f), there are 
two major branches of current flow at the resonance frequency, which 
indicates that both components 1 and 2 contribute to the overall resonance 
behavior and the resonance is the strongest for this gammadion structure, 
resulting in the smallest transmission. As shown in Figs. 3.10(d) and (g), when 
a split pair is introduced in the center of B arm, the current path for resonance 
component 2 is cut off by the split pair and only component 1 is excited. 
Therefore, the resonance intensity is small compared to the case without the 
split pairs, as only one component is responsible for this resonance behavior, 
which agrees well with the measured results. Figures 3.10(e) and (h) show the 
electric field and current distributions for the metasurfaces with a split pair in 
the middle of A arms. In this case, only component 2 is active. However, as B 
arms in component 2 are normal to the polarization direction of the incident 
THz wave, the resonance intensity is not as strong as that in component 1. So 
the transmission amplitude in this metasurface is larger than that with a split 
pair in B arms. Thus, by the introduction of a split pair in the gammadion 
metasurfaces, two resonance modes can be selectively excited to modulate the 
amplitude of the transmitted terahertz wave from 61% to 24%. Note that these 
gammadion metasurfaces embedded with a split pair have a rotational 
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symmetry. In the case that the polarization of the incident electric field is fixed, 
the same piece of terahertz device can be used to manipulate terahertz wave at 
the resonance frequency by a simple rotation of 90°. Meanwhile, phase change 
materials, like VO2, can be coupled into the split pair for active terahertz wave 
modulation [82, 83]. To demonstrate the applicability of our design in active 
terahertz wave modulation, we simulated the transmission spectra when VO2 
was inserted into the splits in the design shown in Fig. 3.9(a). In the simulation, 
the permittivity of VO2 was set as εr = 9 and the conductivities σ were varied 
from 200 S/m to 4.4×105 S/m [82, 83]. As shown in Fig. 3.11, active amplitude 
modulation can be obtained from 0.71 to 0.41 at 0.96 THz with different 
conductivities of VO2. Although the modulation range is slightly smaller than 
that without VO2, this design presents its applicability in terahertz optics, such 
as terahertz modulators and switches. 
 
         Fig. 3.11 Simulated transmission spectra of the gammadion metasurfaces when 
         VO2 with different conductivities is embedded into the splits. The inserted image  
         is the schematic of the design, in which the red part is the embedded VO2. 
! 60!
3.2.4 Broadband static resonance frequency tunability 
The metasurface structure shown in Fig. 3.9(c) was selected to study its 
broadband resonance frequency tunability by changing the relative positions 
of the split pair in C arm. When the distance x (shown in Fig. 3.9(c)) between 
the center of the splits and A arm varies from 7 to 10, 13, 16, 19, 22 and 25µm, 
the experimental results in Fig. 3.12(a) show that the resonance frequency 
shifts from 1.51 to 1.44, 1.39, 1.30, 1.25, 1.18 and 1.11 THz, respectively. 
These resonances mainly attribute to component 1 due to the vertical 
polarization of incident terahertz wave. Component 2 presents a resonance at 
1.01 THz for all the structures. This result is in agreement with the design 
shown in Fig. 3.9(b) where only component 2 is excited at around 1.00 THz. 
But the amplitudes of the transmitted terahertz wave at 1.01 THz are different 
with respect to different relative distances x, which originate from different 
coupling intensities between components 1 and 2. When the distance x is 25 
µm, the resonance frequency of component 1 is 1.11 THz, which is near the 
resonance frequency of component 2. Thus, these two resonances strongly 
couple with each other and form one broad resonance dip at 1.11 THz. When 
the distance x decreases, the resonance frequency of component 1 shifts to a 
higher frequency, which increases the difference of the resonance frequencies 
between components 1 and 2. Therefore, the coupling intensity between two 
resonances decreases. At the distance x of 7 µm, two resonance dips at 1.01 
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and 1.51 THz can be observed, which is attributed to the weak coupling of two 
resonances. Similar transmission spectra can be observed by the simulation in 
Fig. 3.12(b). The similar variation trends in the transmission spectra suggest 
that by introducing a split pair in C arm, we can change the resonance of 
component 1 and maintain the resonance of component 2. The coupling 
intensity between components 1 and 2 varies with respect to the relative 
distance x and leads to the broadband static resonance frequency tunability. 
 
Fig. 3.12 (a) Measured and (b) simulated transmission spectra of the gammadion metasurfaces 
with a split pair in C arm at a distance x of 7, 10, 13, 16, 19, 22 and 25 µm, respectively. (c) 
Simulated electric field distributions of the structure with a split pair located at a distance x of 
7 µm in C arm at 1.52 THz and its corresponding surface current distributions (e). (d) 
Simulated electric field distributions of the structure with a split pair located at a distance x of 
25 µm in C arm at 1.09 THz and its corresponding surface current distributions (f). !
To further explore the resonance modes in these metasurfaces, electric field 
distributions and surface current distributions at the resonance frequencies 
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were simulated and shown in Figs. 3.12(c)−(f). Figure 3.12(c) shows the 
electric field distributions of the metasurfaces with a distance x of 7 µm at 
1.52 THz and Fig. 3.12(e) is its corresponding surface current distributions. It 
is clear that when a small part of component 1 is cut off by the split pair, the 
conducting path is shortened and the resonance frequency shifts to a higher 
frequency. In this case, component 1 resembles a bar and presents a dipole 
resonance at 1.52 THz. As this resonance frequency is far from the resonance 
frequency of component 2 at 0.98 THz, the coupling between components 1 
and 2 is weak, which causes two dips to arise in the transmission spectra. 
When the distance x increases to 25 µm, the main conducting path of 
component 1 increases, leading to the decrease of the resonance frequency. 
Figure 3.12(d) shows the electric field distributions of the metasurfaces with a 
distance x of 25 µm at 1.09 THz. It is observed that component 1 is mainly 
excited to contribute to the resonance at 1.05 THz, and component 2 is also 
excited to affect the overall resonance. As the resonance frequencies of 
components 1 and 2 are close to each other, the superposition between 
components 1 and 2 leads to a single broadband transmission dip at 1.09 THz. 
The surface current distribution at 1.09 THz in Fig. 3.12(f) also confirms that 
component 1 is the main conducting path of the resonance and component 2 
couples with component 1 to form one single transmission dip. Therefore, the 
relative positions of the split pair embedded in C arm selectively change the 
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effective conducting path of component 1 and hence tune the resonance 
frequencies. The selective excitation of resonance modes with components 1 
and 2 can be applied in the metasurfaces to achieve broadband static 
resonance frequency tunability. 
In this study, gammadion terahertz metasurfaces embedded with a pair of 
splits for terahertz wave amplitude manipulation and broadband static 
resonance frequency tunability have been demonstrated. By selectively 
exciting the desired resonance components in the gammadion metasurfaces via 
introducing a split pair on different arms, the amplitude of the transmitted 
terahertz wave at the resonance frequency can be manipulated from 61% to 
24%. The difference of the amplitudes is attributed to different resonance 
intensities of the two components in the gammadion metasurfaces. Broadband 
static resonance frequency tunability ranging from 1.11 THz to 1.51 THz can 
also be achieved through tuning the relative split pair positions at certain arms. 
3.3 Summary 
In this chapter, two terahertz metasurfaces are designed and experimentally 
demonstrated for resonance frequency and amplitude tuning. The first design 
is a spiral shape terahertz metasurface composed of four half rings at different 
sizes. The mutual capacitance and inductance couplings among different 
resonators modify the resonance behaviors. Blue and red shift of the resonance 
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frequencies can be achieved through tuning the coupling. The second design is 
a gammadion metasurface embedded with splits. By introducing splits at 
different arms, the transmission amplitudes at the resonances can be 
manipulated from 61% to 24%. By varying the relative positions of the splits 
at certain arms, broadband static resonance frequency tunability from 1.11 to 
1.51 THz can be obtained. The performance of such metasurfaces attributes to 
the selective excitation of different resonance modes in the gammadion 
structures. All the designed metasurfaces promise novel approaches to control 
the resonance behaviors and manipulate terahertz wave, enabling simple and 








Chapter 4 Polarization Manipulation in 
Babinet Metasurfaces 
 
Metasurfaces promise an exotic approach to artificially manipulate the 
polarization state of electromagnetic waves and boost the design of 
polarimetric devices. This chapter presents the design and experimental 
demonstration of an ultrathin terahertz quarter-wave plate based on planar 
babinet-inverted metasurfaces. The babinet design ensures that the quarter 
wave plate works in the transmission mode with high transmission intensity at 
the operating frequency. This design opens up avenues for new functional 
terahertz optical devices. 
 
4.1 Introduction 
Manipulation of polarization state in terahertz range is of great importance 
because information conveyed by the polarization state promises applications 
for sensitive detection of explosive materials, terahertz imaging and terahertz 
wireless communication [84-86]. Conventional approaches to manipulate the 
polarization of terahertz wave depend on the properties of birefringent 
materials, which have many limitations [87], such as limited available 
materials, bulky volume, high loss, specific device thickness and narrow band 
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operation frequency. Recently, researchers have demonstrated terahertz 
polarization manipulation devices based on various metamaterial designs. 
Chiral metamaterials, as an analog of chiral molecules, are widely adopted to 
control terahertz polarization. Most of the demonstrated chiral metamaterials 
are complex with multilayer or 3D design [81, 88, 89]. These metamaterials 
need precise alignment fabrication techniques and their integration into a 
terahertz optical system is challenging. On the other hand, simple geometric 
metamaterials have been investigated recently for terahertz polarization 
control, such as planar chiral structures [90], planar nonchiral metamaterials 
[78, 91, 92] and multilayer metamaterials [84, 93]. These designs are 
composed of periodic sub-wavelength metallic structures, which act as 
band-stop resonators. The transmitted amplitude is small when terahertz wave 
interacts with these resonators. To overcome this issue, the majority of 
metamaterial designs are multilayers because multireflection among different 
layers can enhance the transmission coefficient [84]. Another approach is to 
design metasurface-based devices for polarization and phase modulation. In 
2011, Capasso et al demonstrated the control of phase shift through a 
nano-antenna array [51]. Although the thickness is decreased to tens of 
nanometers, the phase shift is accompanied with polarization conversion. 
Meanwhile, babinet-inverted metasurfaces attract prominent research interests 
recently because they are band pass resonators with an ultrathin device 
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thickness and a maximum transmission at the resonance [44, 94]. The 
transmitted amplitude and phase of the metasurface can be manipulated by 
controlling the size, geometry, materials and relative orientations of the 
resonators [44, 95]. Extraordinary optical transmission (EOT) in 
babinet-inverted metasurface has been reported at different frequency regimes 
[59, 96-99]. Meanwhile, the babinet-inverted metasurface only enables the 
resonant electromagnetic wave to pass through. It can be a free-standing 
metasurface, which eliminates optical loss due to the substrates [100]. 
In this study, an ultrathin terahertz quarter-wave plate (QWP) for polarization 
control based on the planar babinet-inverted metasurface is demonstrated. The 
QWP is constructed by arrays of asymmetric metallic cross apertures, which 
can support two orthogonal resonant modes in terahertz range. Each resonant 
mode gives rise to extraordinary optical transmission accompanied by a 
specific phase shift at the resonance. According to the dispersion equation of 
surface plasmon in metallic slots, the propagation constants as well as the 
phase delays are tunable by varying the width and length of the slots [101, 
102]. By properly choosing the size of the asymmetric cross aperture, two 
resonant modes superpose with each other, producing equal transmitted 
amplitudes with a phase difference of 90 degrees at a certain frequency and 
operating as a terahertz QWP. When the incident polarization angle changes, 
the transmitted terahertz wave can be elliptically polarized with an ellipticity 
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from 1 to -1. A simple Lorentz oscillator model is employed to analytically 
describe the performance of the QWP, which is in good agreement with our 
experimental and simulation results. 
4.2 Design principle 
When electromagnetic wave interacts with metallic bars, the excited 
resonances of the metallic bars generate scattered light with certain amplitude 
and phase responses. When a linear polarized light illuminates normally to the 
metallic bars with the polarization along the longitude direction of metallic 
bars, the phase delay of the transmitted light can be manipulated by 
engineering the metallic bars. Among all the parameters of the metallic bar, 
the length of the metallic bar is crucial to the phase response of the transmitted 
light. This phase response can be qualitatively comprehended in a simple way 
[51]. When the length of the metallic bar is optically small, charges can be 
accumulated at one terminal of the metallic bars under the incident 
electromagnetic field  where  is the accumulated 
charge. According to Larmor formula, the scattered electromagnetic wave is 
related to the acceleration of the charges as . Thus, 
the scattered light has a π phase delay compared to the incident light. When 
the length of metallic bar is around a half of the wavelength of the incident 
light, the fundamental resonance mode can be excited. In this case, the current 
 q ∝ Einc = Einc exp(iωt),  q
Escat ∝∂2 q / ∂t2 ∝−ω 2 Einc
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in the metallic bars is excited efficiently as . The scattered light can 
be derived as Escat ∝∂I / ∂t ∝ iω Einc . The phase delay between the incident 
light and scattered light is π/2. When the length of the metallic bar is 
comparable to the wavelength of the incident light, the impedance of the 
metallic bar is inductive . This impedance can be calculated as the 
incident field over the current at the center of the metal bar. Thus, the 
scattered light can be calculated as , which makes the 
scattered light in phase with the incident light. When the length of the metallic 
bar changes, the scattered light and the incident light can present a maximum 
π phase change [51].  
 
        Fig. 4.1 Design principle of a QWP based on the scattering properties  
        of the metallic bars [103]. !
Based on the above theory, metallic bars can induce almost π phase delay 
between the scattered light and incident linearly polarized light along the 





Escat ∝∂I / ∂t ∝ Einc
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other, the scattered light can be controlled independently along two orthogonal 
axes. When the parameters of the metallic bars are chosen carefully, the 
resonances along two axes can be separated with a certain phase delay as 
shown in Fig. 4.1. At the overlapped region of two resonances, the amplitudes 
of the scatters are the same while the phase delay between the two axes can be 
controlled to reach π/2. Therefore, the device can function as a QWP under the 
normal illumination light polarized at 45 degrees to the metallic bars.    
Besides the design principle based on the scattering properties of the metallic 
bars, the complementary design is applied in our device. Metallic bars are 
band-stop resonators. When planar periodic arrays of metallic bars are 
designed to interact with electromagnetic wave, these resonators present a 
minimum transmission at the resonance frequencies. However, in current 
available terahertz characterization systems, the transmission measurement 
mode is used and the reflection mode is complex for the measurement. Thus, 
terahertz functional devices working in the transmission mode are needed. To 
design terahertz metasurfaces working in the transmission mode with high 
transmission amplitude, Babinet principle is applied [94]. Babinet principle 
states that the diffraction patterns of an opaque structure and its 
complementary structure with the same dimension are identical. The 
difference is the total beam intensity in the forward direction. This principle 
has been applied to microwave antenna design. The relationship of 
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impendence between the metallic scatters and their complementary structures 
(metallic apertures with the same size) can be calculated based on the 
following: , where and are the impedances 
of the metallic and their complementary structures and is the intrinsic 
impedance [94]. As a result, the metallic scatters present a minimum 
transmission amplitude at the resonance frequencies and the inversed apertures 
exhibit an opposite behavior and give rise to a maximum transmission 
amplitude at the resonance frequencies. This principle has been 
experimentally demonstrated as babinet metamaterials and metasurfaces with 
extraordinary optical transmission. To apply this principle in terahertz range, 
terahertz near-field microscopy was utilized in 2011 to investigate the 
electromagnetic field distributions near the resonators [104]. The electric and 
magnetic field were experimentally proved to be the same as the predictions in 
the Babinet’s principle. Therefore, the application of Babinet’s principle in 
terahertz metamaterials and metasurfaces is of great research interest to create 
functional terahertz meta-devices [94].  
 
4.3 Design and fabrication 
In order to realize a terahertz QWP that converts a linearly polarized light into 
a circularly polarized light with a high transmission coefficient, 
zmetalzaperture =η2 / 4 zmetal zaperture
η
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babinet-inverted resonator arrays are designed, which consist of two slots 
perpendicular to each other in a metallic film. The schematic is shown in Fig. 
4.2. The polarization conversion mechanism of such a design is illustrated in 
the design principle section as shown in Fig. 4.1. When terahertz wave 
polarized at θ = 45 degrees to x-axis is normally irradiated on the two slots, 
two resonant modes inside the slots can be excited simultaneously, resulting in 
the same transmitted amplitudes along both x- and y- axes with 90 degrees 
phase delay at a certain frequency. Therefore, the device operates as a QWP, 
converting a linearly polarized light into a circularly polarized light. 
 
Fig. 4.2 (a) Schematic of one unit cell. (b) Schematic of working  
principle of the QWP. 
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Through numerical simulation optimization performed in CST microwave 
studio, the parameters for such a design are shown in the following. The 
lengths of two slots are lx = 105 µm and ly =125 µm, respectively. The width 
of both slots is w = 6 µm. The periodicity of the babinet-inverted resonator 
arrays is P = 150 µm.  
 
          Fig. 4.3 Numerical simulated transmission amplitudes (a) and phase delay (b) 
          between two resonance modes. 
In order to experimentally fabricate such a device, the metal film is chosen be 
the copper film with a thickness of 200 nm. The substrate is set to be the PEN 
film with a thickness of 100 µm, which is transparent material to terahertz 
wave. In the numerical simulation, the copper film in the QWP was treated as 
a lossy metal with an electrical conductivity of 5.8 × 107 S/m and the PEN 
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substrate was modeled as a lossless dielectric with εpen = 3.15. The simulated 
transmission coefficients and phase delay are shown in Fig. 4.3. At 0.874 THz, 
the transmission coefficients along two axes are 0.628 with a relative phase 
delay around 90 degrees. This means that the device can work at a QWP at 
0.874 THz as shown in Fig. 4.2(b). 
 
   Fig. 4.4 (a) Microscope image of the fabricated asymmetric cross  
   apertures with a zoomed image as the insert. The scale bar is 100  
   µm. (b) Photograph of the fabricated terahertz QWP. 
The terahertz QWP was fabricated on the PEN film by photolithography. The 
microscope image of the fabricated asymmetric cross apertures is shown in 
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Fig. 4.4(a) with a zoomed image as the insert. The photograph of the 
fabricated sample is shown in Fig. 4.4(b), indicating its good flexibility. 
 
4.4 Characterization and discussion 
The terahertz QWP was characterized by the THz-TDS system [105]. During 
the measurement, the incident terahertz wave was polarized at θ = 45 degrees 
to the two slots in the QWP. After transmitted through the QWP, electric field 
of terahertz wave was measured along x- and y-axes, which were denoted as 
Ēx and Ēy. A bare PEN substrate was measured as a reference sample with 
transmitted electric field Ēx(ref) and Ēy(ref). The transmission amplitude of 
the QWP can be obtained as |tx̃| = | Ēx/ Ēx(ref)| and |tỹ| = |Ēy/ Ēy(ref)|, which 
are shown in Fig. 4.5(a). The phase difference between two orthogonal slots 
was calculated from the measured data with φ = φy – φx = arg(tỹ) – arg(tx̃), 
which is shown in Fig. 4.5(b). 
From the measured results, we can observe two resonant peaks at 0.806 and 
0.925 THz, which correspond to the fundamental resonant modes under x- and 
y- axes polarized incident light. The superposition of these two peaks presents 
an equal transmitted amplitude of ~0.545 at 0.870 THz along both x- and y- 
axes. The measured phase difference between x- and y- axes is around 90 
degrees at 0.870 THz. This indicates that the incident linearly polarized 
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terahertz wave is converted into a circular polarized terahertz wave at 0.870 
THz. Our terahertz QWP has an ultrathin device thickness (100.2 µm ≈ 0.29λ, 
much thinner than birefringent materials based terahertz QWP of mm scale 
device thickness [106, 107]) with a high transmission intensity (0.545). 
 
Fig. 4.5 THz-TDS measured transmission coefficients (a) and phase  
delay (b) between two axes. !
The measured results are in good agreement with the simulated results, 
indicating a good polarization conversion in our designed terahertz QWP. A 
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small resonance frequency shift is observed between the experimental and 
simulation results, due to the size fluctuation during our fabrication. The 
absolute amplitude difference between the simulation and experimental results 
corresponds to the loss introduced in the metal film and the PEN substrate. 
The losses of the devices at the operating frequency would also come from 
reflection and ohmic loss. As shown in Fig. 4.5(a), the operating frequency is 
at 0.870 THz, not at the resonant peaks at 0.806 and 0.925 THz. This means 
that the reflection losses at 0.870 THz are inevitable based on this design. 
Moreover, at the resonance peaks at 0.806 and 0.925 THz, the transmission 
peaks are not 100%. This indicates that copper cannot be treated as perfect 
electric conductors within the operating frequencies and ohmic loss would be 
introduced in this case.    
In order to investigate the polarization state of the terahertz wave transmitted 
through the QWP, Stokes parameters were calculated based on the measured 
and simulated results [22, 108]. As the incident terahertz wave is polarized at 
θ = 45 degrees to x-axis, the incident electric field can be noted as: 
                      E = Ex + Ey = tx cosθ + ty sinθ .             (4-1) 
Therefore, Stokes parameters can be calculated as: 
                       S0 = Ex
2
+ Ey 2 ,                      (4-2) 
! 78!
                       
S1 = Ex
2
− Ey 2 ,                       (4-3) 
                       S2 = 2 Ex Ey cosϕ,                     (4-4)   
                      
S3 = 2 Ex Ey sinϕ.                      (4-5) 
Figures 4.6(a) and (b) show the measured and simulated S0 parameters, which 
are the output electric field powers. At 0.870 THz, the QWP presents an 
output power of 0.297 in experiment, while in simulation the output power is 
0.394 at 0.874 THz. The difference between experiment and simulation may 
be due to the loss induced in the substrate and metal, which can be further 
improved by designing freestanding metal structures and optimizing 
parameters, such as decreasing the periodicity. Even though the output power 
is not high enough, the measured transmission amplitude of the electric field at 
0.545 for the terahertz QWP is still quite applicable in a terahertz system. 
! 79!
 
   Fig. 4.6 (a) Measured and (b) simulated Stokes parameter S0, and calculated ellipticities 
   for (c) experiment and (d) simulation. !
The ellipticity of the transmitted terahertz wave is defined as χ = S3/ S0. When 
χ = 1, the transmitted terahertz wave is a left-handed circular polarized (LCP) 
light and when χ = –1, the transmitted terahertz wave is a right-handed circular 
polarized (RCP) light. The ellipticities calculated from our measured and 
simulated data are shown in Figs. 4.6(c) and (d). In the experiment, the 
ellipticity at 0.870 THz is χ = 1, indicating the output terahertz wave is a 
perfect LCP light. The simulated ellipticity presents similar results with χ = 
0.999 at 0.874 THz. Therefore, this ultrathin device shows good performance 
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Fig. 4.7 (a) Measured, simulated and (b) analytical model calculated ellipticities  
with respect to different polarization angles of the incident wave. !
To further investigate the performance of our terahertz QWP, the ellipticities 
with respect to different incident polarization angles were also calculated 
based on THz-TDS measured and numerical simulated results, which are 
shown in Fig. 4.7. As can be seen, when the incident polarization angle is 45 
degrees, the output terahertz wave is a pure LCP light. When the incident 
polarization angle is 135 degrees, the output terahertz wave is a pure RCP 
light. This device can generate both LCP and RCP light by simply changing 
the incident polarization angle or, in equivalence, rotating the terahertz QWP. 
When the incident polarization angle changes to other degrees, ellipticities 
between 1 and -1 can be obtained. This means that the output terahertz wave is 
elliptically polarized. When the incident polarization angle varies from 45 
degrees to 135 degrees, the corresponding ellipticities gradually decrease from 
1 to -1. Therefore, this property can be used to predict the incident polarization 



















angle with respect to different ellipticities. Figure 4.7(b) shows the analytical 
model calculated ellipticities with respect to different polarization angles of 
the incident wave, which will be discussed in the analytical model discussion 
section. 
4.5 Analytical model 
For a better understanding of the physics behind the terahertz QWP, a Lorentz 
oscillator model was employed to analytically describe the transmitted 
amplitude, phase delay and ellipticity. Based on Babinet’s principle, a slot 
antenna can be depicted by a Lorentz oscillator model similar to a rod antenna 
[109]. We can assume that in our terahertz QWP, the apertures harmonically 
oscillate along the incident electric field and present a transmission peak in far 
field. For x polarized incident wave, the transmitted field  
tx  can be described 
as [100]: 
                     
tx + γ x
tx +ω 02
tx = gx
E0 exp(iωt),              (4-6) 
where γx is damping rate. gx is a geometric factor, revealing the coupling 
between the resonator and the incident electromagnetic field. ω0 is the 
fundamental resonance frequency of the aperture and  
E0 exp(iωt)  is the 
incident electromagnetic field. The solution of Eq. (4-6) can be derived as: 
Transmitted amplitude:  tx =
gxE0
ω 0
2 −ω 2( )2 +ω 2γ x2
,                  (4-7)            
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.                         (4-8) 
Similarly, transmitted amplitude ty and phase change φy can be obtained when 
the incident electromagnetic wave is y polarized. When the incident 
electromagnetic wave is polarized at θ degrees to x-axis, the total output 
electric field can be treated as a superposition of two orthogonal components. 
With fitting parameters gx = 3.26, gy =3.66 and γx = γy = 0.75 THz in Eqs. (4-7) 
and (4-8) based on the simulation results, the transmission amplitudes along x- 
and y-axes in our terahertz QWP can be analytically described as shown in Fig. 
4.8(a). A transmission coefficient of 0.60 at 0.874 THz is presented along both 
x- and y-axes. The phase delay between two axes φ = φy – φx is shown in Fig. 
4.8(b). At 0.874 THz, the phase delay is 90 degrees, meaning the transmitted 
terahertz wave is circularly polarized. Based on the fitting results, the 
geometric factor g mainly depends on the resonance frequency and transmitted 
amplitude. In our case, the resonance frequency at 0.925 THz is larger than 
that at 0.806 THz. The transmitted amplitudes at two resonance frequencies 
are almost the same. Therefore, the corresponding geometric factor gy is larger 
than gx. The damping rates for two orthogonal slots are the same, indicating 
that this parameter depends on the phase delay in the slots. This is in 
agreement with the previous reports that the length and width of metallic slots 
determine the propagation constants and phase delays [101, 102].  
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            Fig. 4.8 Analytical model calculated transmission coefficients  
(a) and phase delay (b) between two axes. !
The ellipticity can also be calculated based on the superposition of these two 
resonant modes. As the incident terahertz wave is polarized at θ degrees to 
x-axis, the incident electric field can be described as Ē =Ēx +Ēy =tx̃ cosθ +tỹ 
sinθ. At the QWP working frequency, the transmitted amplitudes along x and 
y are the same |tx̃ |= |tỹ| with phase retardance of φ = φy – φx = 90°. The 
ellipticity χ = S3/ S0 can be simplified as χ = 2sinθcosθ. When the incident 
polarization angle θ changes from 0 to 180 degrees, the ellipticity can be 
calculated as shown in Fig. 4.7(b), which is in good agreement with our 
previous measured and simulated results as shown in Fig. 4.7(a). 
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4.6 Summary 
In this chapter, we have experimentally and numerically demonstrated an 
ultrathin flexible terahertz QWP using asymmetric cross shape 
babinet-inverted metasurfaces. At 0.870 THz, the QWP presents a 
transmission coefficient of 0.545 along two orthogonal axes with 90 degrees 
phase delay and is able to convert a linearly polarized incident terahertz wave 
into a perfect circular polarized light. With respect to different incident 
polarization angles, right-handed circular polarized light, left-handed circular 
polarized light and elliptically polarized light can be created flexibly. A 
Lorentz oscillator model is employed to analytically describe the spectral 
property of the QWP, which is in good agreement with our measured and 






Chapter 5 Active Polarization Control via 
Phase-Change Metasurfaces 
 
In this chapter, phase-change metasurfaces are proposed and demonstrated to 
extend the operating frequency of the metasurfaces-based devices. A phase 
change material, vanadium dioxide (VO2), is embedded with the planar 
metasurfaces of different designs. Through the phase transition of VO2 from 
its insulation phase to the metallic phase, the resonance properties of the 
metasurfaces can be switched. In this study, two designs are presented for 
switchable terahertz polarization manipulation. The first design is a switchable 
terahertz QWP that operates at two frequencies with VO2 phase transition. The 
second design is a multiband switchable terahertz QWP operating at four 
frequencies. These devices reveal the feasibility to realize tunable/active and 
extremely low-profile polarization manipulation devices in the terahertz 
regime through the incorporation of such phase-change metasurfaces. 
5.1 Introduction 
Control of polarization, a fundamental physical property of electromagnetic 
waves, is manifested for a wide range of optical applications, using polarizers, 
half- and quarter-wave plates in different frequency regimes. Conventional 
methods for the polarization state control are based on birefringent materials, 
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which support different phase delays along the two orthogonal axes. The main 
disadvantages of such methods include narrow-band of operating frequencies, 
bulky size and limited choice of materials. The situation is even worse in 
terahertz frequency regime (0.3 THz – 3 THz), as terahertz wave interacts 
weakly with available materials in nature. For instance, the birefringence 
index Δn of quartz at 1 THz is around 0.048, which means that the thickness 
of quartz based terahertz QWP needs to be at least a few millimeters [106].  
Such a device is difficult to be integrated into ultra-compact terahertz optical 
systems. Expanding the working frequency of the birefringent materials based 
devices relies on multilayered designs, which further contribute to the device 
bulky [107].  
Recently, metasurfaces-based birefringence has been demonstrated in 
terahertz range by using microscale resonators [87, 110]. Due to the static 
response of the resonators, these metasurfaces work in a narrow frequency 
band. On the other hand, by stacking different layers of metasurfaces, the 
working frequency can be extended to a broadband [84, 93, 111]. However, 
this multilayer scheme needs an increased thickness and a compicated 
fabrication process. To overcome this issue, metasurfaces integrated with 
active media are proposed and investigated for the dynamic modulation of the 
optical properties without compromising the device thickness. Several active 
tuning media have been investigated, such as semiconductors, phase change 
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materials and MEMS [8, 52, 53, 88, 112, 113]. Among these active media, 
VO2 is a promising candidate to be integrated with metasurfaces due to the 
giant variation of the optical properties during its phase transition. 
 
5.2 Phase-change material VO2 
VO2 is a binary inorganic compound of vanadium and oxygen with the 
chemical formula of VO2. This material has been widely investigated in 
different optical applications, such as memory devices, surface coating and 
sensors. The most significant properties of VO2 arise from its phase transition. 
At the temperature of around 340 K, VO2 experiences a phase transition from 
insulation phase to metallic phase. At the insulation phase, VO2 behaves as an 
insulator with a small electrical conductivity. When the temperature of VO2 is 
above 340 K, VO2 can be treated as a metal with the increase of electrical 
conductivity by several orders of magnitude. Associated with giant change of 
the electrical conductivity, the optical properties of VO2 undergo a great 
change. This makes VO2 a good platform for optical tuning and switching [82]. 
When VO2 undergoes its phase transition from a low temperature to a high 
temperature or from a high temperature to a low temperature, a hysteresis of 
the electrical conductivity and the optical property can be observed, showing 
that VO2 phase transition is a first order transition. The properties of VO2, 
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such as phase transition temperature and the width of the hysteresis can be 
manipulated by patterning VO2 micro/nanostructures and using different 
substrates for growth.  
As a promising candidate for optical tuning and switching, VO2 can be used in 
functional terahertz metasurfaces. Before the phase transition, VO2 is an 
insulator with low optical absorption at terahertz frequencies. After the phase 
transition, VO2 is in the metallic phase with a high reflectivity at terahertz 
frequencies. This drastic optical change ensures that VO2 can be applied for 
giant terahertz amplitude switching and modulation. The phase transition of 
VO2 can be realized in a short time by heating, optical pumping and external 
electric field. The substrates for VO2 growth can be c-plane sapphire or silicon 
substrates. The electrical conductivity of VO2 is important for future 
VO2-based terahertz devices. In this chapter, the VO2 film was grown by 
pulsed laser deposition on a c-cut sapphire substrate. The electrical 
conductivity of the deposited VO2 film was measured in van der Pauw 
geometry using Quantum design PPMS [114]. The VO2 film shows a sharp 
insulator-metal transition as shown in Fig. 5.1. In the insulating state, the 
electrical conductivity reaches σ = 140 S/m at 300 K. In the high temperature 
metal phase, the electrical conductivity is relatively temperature-independent 
at σ = 5 × 105 S/m at 400 K. The transition temperature during the heating 
cycle is about 353 K while it shifts to 342 K during cooling cycle with a 
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hysteresis of 11 K. Through the phase transition, the conductivity of VO2 
varies as much as almost four orders of magnitude, which makes VO2 a good 
platform for optical switching. 
 
Fig. 5.1 Measured electrical conductivity of VO2 films at different temperatures  
during the heating and cooling cycles. The films exhibit stable electrical conductivity 
switching between 300 and 400 K during either the heating or cooling cycles. !!
5.3 Switchable ultrathin terahertz quarter-wave plate  
In this study, a switchable ultrathin terahertz QWP by inserting VO2 into 
metasurfaces is experimentally demonstrated. In the hybrid design, VO2 
changes the effective length of resonators via the phase transition and the 
operating frequency of the QWP becomes switchable. At the working 
frequencies, the calculated ellipticities indicate a good polarization conversion. 
A Lorentz oscillator model is employed to analytically describe the 
performance of the terahertz QWP, which is in good agreement with the 
measurement and simulation.  
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5.3.1 Design and simulation 
Figure 5.2 shows the schematic of the switchable QWP, which is composed of 
ultrathin asymmetric cross-shaped resonator arrays with VO2 pads inserted at 
the end of the cross-shaped resonators. The top left inset in Fig. 5.2 shows one 
unit cell in the designed metasurfaces. The complementary metasurfaces 
present high transmission coefficients at the resonance frequencies due to the 
extraordinary optical transmission with specific phase delays [94, 100]. It only 
allows the resonant electromagnetic wave to pass through, which eliminates 
the interference of the non-resonant electromagnetic wave. In our design, two 
slots in the QWP are perpendicular to each other with a slight difference in 
length. The fundamental resonance in each slot is able to present a maximum 
phase shift of 180° between the transmitted and the incident light. Therefore, 
birefringence can be introduced by controlling the length of the slots in the 
asymmetric cross-shaped resonators. The switching property of the QWP is 
controlled by a resistive heater as a proof of concept to manipulate the VO2 
phase transition at different temperatures, which can also be realized by 
optical pumping [115]. When VO2 pads act as an insulator at 300 K, phase 
difference between two orthogonal slots can reach 90° at f1, while the 
transmission coefficients in these two slots are the same. At this frequency, 
when the incident terahertz wave is polarized at θ = 45° to the two slots, the 
device operates as a QWP. Through the phase transition, free carriers in the 
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VO2 pads increase, resulting in the rise of the electrical conductivity. The VO2 
pads behave like a metal at 400 K. This leads to a shortened effective length of 
cross-shaped resonators and the QWP operates at f2. Therefore, this terahertz 
QWP can switch its operating frequency between two states through the VO2 
phase transition. The top right inset is the simulated ellipticities of the output 
terahertz wave at 300 and 400 K. The details of the simulation will be 
discussed in the next section. It is observed that the ellipticites at f1 = 0.468 
and f2 = 0.502 THz are close to 1, indicating a circular polarization of the 
output terahertz wave.  
In order to find the parameters for the designed terahertz QWP, numerical 
simulation was carried out by using commercial software CST microwave 
studio. In the simulation, a frequency-domain solver with a unit cell boundary 
condition was used to calculate the transmission coefficients and phase delays. 
The sapphire substrate was modeled as a lossless dielectric with a dielectric 
constant of εsub = 11.5 and the copper film was simulated as a lossy metal with 
a conductivity of σ = 5.8 × 107 S/m. A variable conductivity of VO2 was 
assumed to simulate the phase transition effect in the VO2 pads. The optical 
constant of VO2 in the terahertz range was described by Drude Model as 
follows [116, 117] 
                        
 εm (ω ) = ε i −
ω p
2
ω (ω + i τ ) ,              (5-1) 
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                         ω p
2 =σ ε0τ ,                       (5-2)     
where εm is the dielectric function, εi is the dielectric constant as 9, ωp is the 
plasma frequency, σ is the measured dc conductivity and τ is the relaxation 
time as 2.27 fs.  
 
Fig. 5.2 Schematic of the terahertz QWP. A linear normal incident wave polarized at θ = 45° 
to the two slots is converted into a circularly polarized light. Through the VO2 phase transition 
controlled by a resistive heater, the operating frequency of the QWP can be switched between 
f1 and f2. The top left inset is one unit cell in the metasurfaces. The top right inset is the 
simulated ellipticities of the output terahertz waves, indicating that at both f1 and f2 the output 
terahertz waves are circularly polarized. !
Through numerical simulation and optimization, the parameters of the unit cell, 
which were marked in Fig. 5.2, were set in the following: P = 150, Lx = 90, Ly 
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= 124, lx = 9, ly = 5 and w = 9 µm. The simulated transmission spectra and 
phase delays are shown in Figs. 5.3(a) and (b). When the conductivity of VO2 
is at σ = 140 S/m at 300 K, the QWP presents a transmission coefficient of 
0.49 at 0.471 THz with a phase difference of 100° between y- and x-axes. 
When the conductivity of VO2 is at σ = 5 × 105 S/m at 400 K, the transmission 
coefficient is 0.30 at 0.508 THz and the phase difference is 88°. This means 
that the output terahertz waves at both 300 and 400 K are circularly polarized. 
At 0.59 THz, the wood’s anomaly in the simulation occurs, which can be 
calculated as λ = P ε sub , where P is the periodicity of the resonators and εsub 
is the dielectric constant of the sapphire substrate.  
 
        Fig. 5.3 (a) Numerically simulated transmission spectra with the corresponding 
        phase delay (b) based on different measured VO2 electrical conductivities. !
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5.3.2 Fabrication and THz-TDS measurement 
The terahertz QWP was fabricated on an 1×1 cm2 c-cut sapphire single crystal 
substrate. First, a VO2 thin film was deposited on the substrate by PLD 
described in the section 2.5.6. A step surface profiler was used to measure the 
thickness of the VO2 film, which is around 200 nm. Then the designed VO2 
pads were patterned by photolithography. The VO2 area without protection 
from photoresist was etched away by ion milling. After a second 
photolithography, a 10 nm thick chromium film was coated on the sapphire 
substrate as an adhesion layer and a 200 nm thick copper film was deposited 
on the samples by a thermal evaporator (Edwards Auto 306), followed by a 
lift-off process to obtain the designed patterns. Figure 5.4 shows the optical 
microscope image of the fabricated samples. 
 
           Fig. 5.4 Optical microscope image of the fabricated samples with an  
           enlarged unit cell as the inset. The scale bar is 100 µm. 
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The performance of the QWP was tested in the THz-TDS system [105]. A 
resistive heater with a square aperture (6×6 mm2) milled at the center was used 
to heat the samples and control the insulator-metal phase transition 
temperature of VO2. Figure 5.5(a) is schematic view of the resistive heater. 
The temperature of the samples was monitored in real time by an infrared 
camera (FLIR Systems i60) to monitor the VO2 phase transition. Since the 
sample is heated from the outside, a temperature gradient is inevitable. In 
experiment, we used the IR camera to directly image the temperature gradient. 
In order to obtain the spatially homogeneous temperature distribution, we 
heated the sample for 10 minutes to make sure that the temperature was stable. 
Figure 5.5(b) shows the temperature distribution of the sample at 400 K. The 
temperature gradient is obvious at the edge of the sample. At the center of the 
sample, the temperature is spatially homogeneous as shown in the blue part in 
Fig. 5.5(b). As the size of terahertz beam (~3 mm in diameter) is much smaller 
than the size of sample (~1×1 cm2), this temperature gradient at the edge of 
the sample should have a tiny effect on the performance. 
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Fig. 5.5 (a) Schematic backside view of the resistive heater with a square aperture (6×6 mm2) 
milled at the center to allow terahertz wave to pass through. (b) Infrared camera captured 
temperature distribution image when the center of the sample is at 400 K. The white dot line is 
the edge of the sample with a size of 1×1cm2. !
Figures 5.6(a) and (b) show the measured transmission coefficients and phase 
delays of terahertz QWP before and after the VO2 phase transition. At 300 K, 
the QWP presents a transmission coefficient of 0.59 at 0.468 THz and a phase 
delay of 80° between y- and x-axes. This means the incident linearly polarized 
terahertz wave is converted into a circularly polarized wave. When the QWP 
is heated to 400 K, the VO2 phase transition changes the performance of the 
QWP. As can be seen, a transmission coefficient of 0.28 at 0.502 THz and a 
phase delay of 75° between y- and x-axes are obtained. Therefore, the 
terahertz QWP is able to switch its operating frequency with a switching range 
of 34 GHz. The experimental phase delays at both 300 and 400 K are smaller 
than 90°, indicating that the output terahertz wave is not a perfect circularly 
polarized light. This is due to the size fluctuation in the fabrication process 
and the damping effect in the fabricated samples. To experimentally 
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compensate the phase difference and obtain a perfect circularly polarized 
output THz wave, the optimized phase delay in the simulation should be larger 
than 90°. 
 
Fig. 5.6 (a) Measured transmission spectra along two slots at 300 K (solid line) and 400 K 
(dot line). (b) Measured phase difference between y- and x-axes at 300 K (solid line) and 400 
K (dot line). The inserted triangle indicates that at 300 K the transmission coefficients along 
two axes are the same, while their phase difference is close to 90°. The marked cross presents 
similar results at 400 K. !
In order to further investigate the polarization state of output terahertz wave 
and its relation to the VO2 phase transition, the transmission coefficients and 
phase delays of the terahertz QWP at different temperatures were measured by 
the THz-TDS system and the Stokes parameters were calculated using the Eqs. 
(4-1)~(4-5) described in chapter 4. 
Figure 5.7(a) shows the measured S0 parameters at different temperatures, 
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which indicate the power of the output terahertz wave. It is observed that 
when the temperature increases from 300 to 400 K, the output power 
decreases. This is attributed to loss in the VO2 pads. At 300 K, the VO2 pads 
behave as a semiconductor and the corresponding loss is low. When the 
temperature increases, free carries in the VO2 pads increase, leading to a high 
damping loss and small output power. From Fig. 5.6(a), we can observe 
asymmetric transmitted peak amplitudes of tx̃ and tỹ. When the conductivity of 
VO2 increases, the resonance frequency of tỹ shifts to a higher frequency, 
which is close to the wood’s anomaly at 0.59 THz. The peak amplitude of tỹ 
becomes smaller, which is shown in Fig. 5.6(a). Another contribution to this 
asymmetric peak transmission is different sizes of VO2 pads. As shown in Fig. 
5.4, the size of VO2 pads along the x-axis is much larger than that along y-axis. 
This leads to different VO2 damping losses for tx̃ and tỹ. The polarization state 
of the output terahertz wave can be described by ellipticity, which is defined 
as χ = S3/ S0. When χ equals to either 1 or -1, the output terahertz wave is 
circularly polarized. Figure 5.7(b) shows the ellipticity of the output terahertz 
wave at different temperatures. At 300 K, the ellipticity of the output wave is 
around 0.98 at 0.468 THz. At 400 K, the ellipticity is around 0.97 at 0.502 
THz. Between 300 and 400 K, the ellipticity is close to 1 with the operating 
frequency switching from 0.468 to 0.502 THz. This indicates that the output 
terahertz wave is circularly polarized at different temperatures.  
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Fig. 5.7 Performance of the terahertz QWP at different temperatures. (a) Calculated Stokes 
parameter S0 with respect to different temperatures based on THz-TDS measured results, 
indicating that the output power decreases when the temperature increases. (b) Measured 
ellipticities of the output wave at different temperatures, indicating the operation frequencies 
switching of the output circularly polarized wave. (c) Numerically simulated Stokes parameter 
S0 with respect to different conductivities of VO2 and (d) the corresponding ellipticities of the 
output wave. !
The numerical simulation results are shown in Figs. 5.7(c) and (d). When the 
conductivity of VO2 increases from 140 to 5 × 105 S/m, the output power S0 
decreases and the ellipticity is around 1 with a shift of the operating frequency. 
This is consistent with our THz-TDS measured results. The slight difference 
between the experimental and simulation results may be due to inadvertent 
dimensional variation during the fabrication. Experimentally, the resonance 
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peaks are broader than those in the simulation. Another reason for the 
broadening of the resonance peaks might be the temperature gradient on the 
sample surface during the heating in the THz-TDS system. This confirms that 
the experimental phase delay is smaller than the simulated results, which can 
be further optimized to achieve a perfect linear-to-circular polarization 
conversion. 
 
5.3.3 Analytical model analysis 
To further elucidate the physics behind the designed QWP, a Lorentz 
oscillator model was introduced to analyze the performance of the terahertz 
QWP and the phase transition effect in the VO2 pads. The incident 
electromagnetic wave can excite resonance modes inside the slots in the QWP, 
which is similar to rod antennas based on Babinet’s principle [94, 100, 109]. 
When the incident terahertz wave is polarized along x-axis, the corresponding 
transmitted electric field  
tx  can be depicted as:  
                 
tx + γ x
tx +ω x2
tx = gx
E0 exp(iωt).                  (5-3) 
Similarly, for y-axis polarized incident terahertz wave, the transmitted electric 
field  
ty  is modeled as: 
                 
ty + γ y
ty +ω y2
ty = gy
E0 exp(iωt).                  (5-4) 
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γx and γy are the damping rates of two orthogonal resonance modes in the 
cross-shaped resonators. ωx and ωy are the corresponding resonance 
frequencies of two modes. gx and gy are geometric factors in the cross-shaped 
resonators.  
E0 exp(iωt)  is the electric field of the incident terahertz wave. By 
solving Eqs. (5-3) and (5-4), the analytical solutions for transmission 
amplitudes tx and ty with the corresponding phase distributions φx and φy can 
be obtained. 
 
   Fig. 5.8 (a) Analytical fitted transmission spectra and  
   (b) the corresponding phase delays. 
 
With a proper parameter fitting based on the experimental results, the 
transmission spectra and phase delays of the terahertz QWP are plotted in Figs. 
5.8(a) and (b), which are in good agreement with the measurement and 
simulation. The fitted geometric factor g and damping rate γ at different 
! 102!
temperatures are plotted in Figs. 5.9(a) and (b). It is observed that when the 
VO2 pads go through the phase transition, the geometric factors decrease 
dramatically, indicating a weak coupling between the incident terahertz wave 
and the VO2 metasurfaces. When the conductivity of VO2 further increases to 
its maximum point, the geometric factor slightly increases. The difference of 
gx and gy indicates different losses for tx̃ and tỹ, which are consistent with the 
measured and simulated results. The damping rates plotted in Fig. 5.9(b) show 
that both γx and γy increase with temperature. To illustrate the correlation of the 
fitting parameters and the performance of QWP, the fitted transmission 
coefficients and phase distributions at 300 and 400 K along y-axis are plotted 
in Figs. 5.9(c) and (d). It is observed that the decrease of geometric factors 
correlate with the decrease of transmission coefficients. The increase of 
damping rates leads to a large resonance bandwidth, as the spectral phase 
dispersion tends to be flat. 
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Fig. 5.9 Temperature dependent behaviors of the fitting parameters for QWP design. (a) 
Analytical fitted geometric factors and (b) damping rates at different temperatures. (c) Fitted 
transmission spectra along y-axis at 300 and 400 K. (d) Fitted phase distributions along y-axis 
at 300 and 400 K.   
  
5.3.4 Parameters optimization 
Based on these observations, a flowchart to optimize the parameters in such 
VO2 metasurface-based QWP is presented in Fig. 5.10. For simplicity, the 
periodicity P and the width w remain unchanged and we focus on optimizing 
the length of copper resonators and VO2 pads. For the 300 K case, we define 
the length difference between y- and x-axes as ΔL1 = (Ly+2ly)-(Lx+2lx). With 
any initial parameters of Lx, Ly, lx and ly, we can calculate the transmission 
spectra and phase delay. If at tx = ty, the phase difference φ1 = φy - φx equals to 
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90°, the operating frequency of the QWP at f1 is obtained. Otherwise, ΔL1 
needs to be increased or decreased according to the flowchart. Similarly for 
the case at 400 K, we define the length difference between y- and x-axes as 
ΔL2 = Ly-Lx and optimize the parameters to obtain the operating frequency of f2. 
Based on the variation trend of the geometric factors, the transmission 
coefficients of QWP at f2 are smaller than those at f1. Due to the increase of 
damping rate, the resonances tend to be broad and ΔL2 should be larger than 
ΔL1 to maintain a phase delay of 90°. Therefore, the flowchart in Fig. 5.10 
presents the optimization process for the design of VO2 metasurface-based 
QWP. A similar approach can be applied to other phase-change metasurfaces 
for both amplitude and phase manipulation.    
 
   Fig. 5.10 A QWP design flowchart to optimize the parameters of the  
   phase-change metasurfaces. 
 
! 105!
In this study, by hybridizing metasurfaces with VO2, we have experimentally 
demonstrated an ultrathin switchable terahertz QWP with a switching range of 
34 GHz. The inserted VO2 is able to change the effective length of the metal 
resonators in the metasurface through the phase transition. At 300 K, VO2 
behaves like an insulator and the terahertz QWP operates at 0.468 THz. While 
at 400 K, VO2 acts as a metal and the operating frequency of the QWP is 
switched to 0.502 THz. The Stokes parameters of the output terahertz wave 
calculated at different temperatures indicate that the output wave is circularly 
polarized. The damping loss in VO2 and the wood’s anomaly lead to the 
decrease of the transmission coefficients at a high temperature. The simulation 
and analytical fitted results are in good agreement with the measured results. 
The fitted geometric factors and damping rates analytically illustrate the 







5.4 Multiband switchable terahertz quarter-wave plate  
In the last section, we have demonstrated a switchable terahertz QWP at two 
operating frequencies based on phase-change metasurfaces. To further extend 
the operating frequencies, in this study we experimentally demonstrated a 
multiband switchable terahertz QWP. This active meta-device consists of 
complementary electric split-ring resonators (C-ESRRs) embedded with VO2. 
Before the VO2 phase transition, the QWP presents two operating frequencies 
with high polarization conversion. After the VO2 phase transition, both 
operating frequencies can be switched to two other frequencies.  
 
5.4.1 Design, fabrication and characterization 
The multiband switchable terahertz QWP was designed using commercial 
software CST microwave studio. The schematic view of the designed 
phase-change metasurface is shown in Fig. 5.11(a). It consists of copper 
C-ESRRs (yellow part) and VO2 pads (red part) on a sapphire substrate. In the 
simulation, the sapphire substrate was treated as a lossless dielectric (dielectric 
constant εsub = 11.5) and the copper film was modeled as a lossy metal 
(conductivity σ = 5.8×107 S/m). The optical properties of VO2 were simulated 
using Drude model, which was the same as the model described in the last 
section. Before the phase transition at 300 K, the electrical conductivity of 
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VO2 was modeled as σ = 140 S/m. After the phase transition at 400 K, the 
electrical conductivity of VO2 was simulated as σ = 5×105 S/m. The complex 
transmission ts̃im_x and ts̃im_y were obtained when the incident polarization was 
along x- and y-axes, respectively. To make the phase-change metasurface 
function as a QWP, the geometrical parameters were optimized to meet the 
following criteria: |ts̃im_x| =|ts̃im_y| and |arg(ts̃im_x)−arg(ts̃im_y)|= 90°. Meanwhile, 
in the last section it was demonstrated that in such phase-change metasurface 
based QWP design, the numerical designed phase delay should be larger than 
90° to experimentally obtain a perfect polarization conversion. Thus, we 
optimized the phase delay to be larger than 90°.  
The phase-change metasurfaces were fabricated by PLD and photolithography. 
The optical microscope image of the fabricated sample is shown in Fig. 
5.11(b). The overall size of the sample is 1×1cm2. 
 
Fig. 5.11 (a) Schematic view of the unit cell in the designed phase-change metasurfaces. The 
geometrical parameters are in the following: a = b = 80, c = d = 70, e = 26, f = g = 9 and h = 8 
µm. (b) Microscopy image of the fabricated phase-change metasurfaces with an enlarged 
image of the unit cell at the top right. The scale bar is 100 µm. !
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The sample was measured using the THz-TDS system [27, 107]. The incident 
electric field was polarized at θ = 45° to x-axis. The transmitted electric fields 
along x- and y-axes were recorded as Ēx and Ēy. The reference electric fields 
Ēx(ref) and Ēy(ref) were measured using a bare sapphire substrate. The 
normalized transmission spectra were obtained as |tx̃| = |Ēx / Ēx(ref)| and |tỹ| = 
|Ēy / Ēy(ref)|. The phase delay of the electric fields between y- and x-axes was 
calculated by fast Fourier transform, which was noted as φ =φy – φx = arg(tỹ) – 
arg(tx̃). During the characterization, the VO2 phase transition was controlled 
by a resistive heater with a square aperture (6×6 mm2) milled at the center. An 
infrared camera (FLIR Systems i60) was employed to monitor the temperature 
of the sample in real time to ensure the VO2 phase transition. 
 
6.4.2 Results and analysis  
The measured transmission spectra and phase delays of this phase-change 
metasurface at 300 K are shown in Figs. 5.12(a) and (b). It is observed that 
before the VO2 phase transition at 300 K, the phase-change metasurface 
functions as a terahertz QWP at two operating frequencies. At 0.45 THz, the 
transmission coefficients along x- and y- axes are 0.564 and 0.573, 
respectively. The phase delay between y- and x- axes is 93.5°. At 1.10 THz, 
the transmission coefficients along x- and y- axes are 0.245 and 0.303, while 
the phase delay between y- and x- axes is -96.5°. Therefore, at these two 
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frequencies, the output terahertz waves are either right-handed or left-handed 
circular polarized waves. The simulated transmission spectra and phase delays 
are shown in Figs. 5.12(c) and (d).  
 
Fig. 5.12 (a) Measured transmission spectra of the phase-change metasurfaces before the VO2 
phase transition at 300 K and (b) the corresponding phase delay between y- and x- axes. (c) 
Simulated transmission spectra of the phase-change metasurfaces with the electric 
conductivity of VO2 at σ = 140 S/m and (d) the corresponding phase delay between y- and 
x-axes. !
As can be seen, the simulated results indicate two operating frequencies of the 
QWP. A small difference can be observed in terms of the transmitted 
amplitude and phase delay at 0.45 THz, which attributes to size variation 
during the fabrication. However, the difference between experiment and 
simulation for the high operating frequency is more obvious. This is due to the 
wood’s anomaly close to 1.10 THz, which can be calculated as , 
where P is the periodicity of the C-ESRRs and εsub is the dielectric constant of 
the substrate. Another reason for this difference may attribute to loss 
λ = P ε sub
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introduced in the VO2 pads. Even though the difference occurs, the overall 
trends of the transmission spectra and phase delays between the experimental 
and simulation results are in agreement. Thus, this phase-change metasurface 
acts as a QWP at two operating frequencies before the VO2 phase transition 
with good polarization conversion. !
The performance of the QWP after the VO2 phase transition at 400 K is shown 
in Fig. 5.13. The measured transmission spectra and phase delays at 400 K 
shown in Figs. 5.13(a) and (b) present two operating frequencies of the QWP. 
At 0.50 THz, the measured transmission coefficients along x- and y- axes are 
0.318 and 0.310, while the phase delay between y- and x- axes is 88.9°. At 
1.05 THz, the transmission coefficients along x- and y- axes are 0.262 and 
0.256. The phase difference between y- and x- axes is -90.4°. Therefore, the 
QWP shows good performance in polarization conversion in experiment. 
Figures 5.13(c) and (d) present the simulated transmission spectra and phase 
delays when the electrical conductivity of VO2 researches σ = 5×105 S/m. 
From both the experimental and simulation results, we can observe that the 
transmission coefficients after the VO2 phase transition are smaller than those 
obtained before the VO2 phase transition. The physics behind this discrepancy 
is the different losses in the VO2 pads. At 300 K, VO2 behaves as an insulator 
and its loss is low. However, at 400 K free carriers in the VO2 increase, which 
leads to a high damping loss and a small transmission coefficient. Meanwhile, 
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the damping loss in the VO2 and the size variation during the fabrication make 
the transmission curve flat. Therefore, the experimental phase delay is smaller 
than that achieved in simulation, which is in good agreement with the results 
in the last section. To obtain perfect polarization conversion, phase delay in 
the simulation is larger than 90°, which enables us to obtain a nearly 90° phase 
delay in experiment.  
 
  Fig. 5.13 (a) Measured transmission spectra of the phase-change metasurfaces  
  after the VO2 phase transition at 400 K and (b) the corresponding phase delay  
  between y- and x- axes. (c) Simulated transmission spectra of the phase-change 
  metasurfaces with the electric conductivity of VO2 at σ = 5×105 S/m and (d) the 
  corresponding phase delay between y- and x- axes. !
In order to precisely define the degree of circular polarization of the output 
terahertz wave, the Stokes parameters were calculated based on the 
transmission spectra and phase delays. When the incident terahertz wave is 
linearly polarized at θ degrees with respect to the x-axis, the electric field of 
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the incident light can be noted using Eq. (4-1).! In this phase-change 
metasurface, the polarization angle of the incident wave is designed to be θ = 
45°. The Stokes parameters can be calculated using Eqs. (4-1)~(4-5). The 
polarization state of the output terahertz wave can be represented by ellipticity, 
which is defined as  When χ equals to 1, the output THz wave is a 
perfect LCP light. When χ equals to -1, the output terahertz wave is a perfect 
RCP light. 
 
Fig. 5.14 (a) Measured and (b) simulated ellipticities of the transmitted terahertz wave before 
and after the VO2 phase transition. !
Figure 5.14 shows the ellipticity of the output terahertz wave based on the 
measured and simulated transmission spectra and phase delays. It is observed 
in Fig. 5.14(a) that before the VO2 phase transition at 300 K, the ellipticity at 
0.45 THz is 0.998 and at 1.10 THz the ellipticity is -0.971. This indicates that 
at 0.45 THz the output terahertz wave is a LCP light, while at 1.10 THz the 
output terahertz wave is a RCP light. After the VO2 phase transition, the 
χ = S3 / S0.
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operating frequencies are switched to 0.50 and 1.05 THz with the 
corresponding ellipticity of 0.999 and -0.999. Therefore, at these four 
operating frequencies, the phase-change metasurfaces present a high degree of 
linear-to-circular polarization conversion. The numerical simulation shown in 
Fig. 5.14(b) indicates similar results with the experiment.  
 
5.4.3 Numerical study of resonance modes 
To further elucidate the working mechanism of this phase-change metasurface, 
the electric field distributions of the C-ESRRs at different resonance 
frequencies are simulated to analyze the resonance modes and their 
interactions. In principle, when two resonators are orthogonal to each other 
with a slight difference about the resonance frequencies, in between there 
would be an overlapping area where the resonance intensities are the same, but 
the phases are relatively retarded. By precisely controlling the resonances, one 
can achieve the same resonance intensity with 90° phase retardance at a 
certain frequency. Figures 5.15(a) and (b) present the electric field 
distributions before the VO2 phase transition at 0.36 and 0.71 THz with 
respect to y- and x- axes polarized incident light. It is observed that the 
resonance at 0.36 THz corresponds to the LC resonance of C-ESRRs. The 
resonance at 0.71 THz corresponds to the dipole resonance of C-ESRRs. 
These two resonance modes are perpendicular to each other with a frequency 
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difference. The overlapped area at 0.45 THz presents around 90° phase delay, 
making the device work as a QWP. A similar overlapping area can be 
observed at 1.10 THz with around 90° phase delay. Thus, the QWP presents 
two operating frequencies at 0.45 and 1.10 THz.  After the VO2 phase 
transition, the electric field distributions at 0.40 and 0.87 THz are shown in 
Figs. 5.15(c) and (d). It is observed that the inserted VO2 changes the effective 
length of the resonators. Both the LC resonance and dipolar resonance are 
shifted, making the operating frequencies of the QWP shift to 0.50 and 1.05 
THz. In our design, the VO2 pads are not fully covered with the gap in the 
C-ESRRs. This is necessary to design two operating frequencies. If the VO2 
pads fully cover the gap, the LC resonance would be switched off, instead of 
shifting to a different frequency when VO2 goes through the phase transition. 
 
Fig. 5.15 Electric field distributions (a) at 0.36 THz for y- polarized incident wave and (b) at 
0.71 THz for x- polarized incident light before the VO2 phase transition. The simulated 
electric field distributions (c) at 0.40 THz for y- polarized incident wave and (d) at 0.87 THz 
for x- polarized incident light after the VO2 phase transition. 
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From Fig. 5.12 and Fig. 5.13 it is observed that under the VO2 phase transition, 
one operating frequency of the QWP shifts from 0.45 to 0.50 THz, while the 
other operating frequency shifts from 1.10 to 1.05 THz. This inversed 
operating frequency shift trend corresponds to different functions of VO2 for 
different resonance modes. When VO2 goes through the phase transition, the 
resonance frequencies of the LC resonance and the dipole resonance shift to 
higher frequencies with smaller amplitudes. Therefore, the operating 
frequency of the QWP shifts from 0.45 to 0.50 THz. However, from Fig. 5.12 
and Fig. 5.13 we can observe that VO2 brings little effect to the dipole 
resonance at 1.40 THz. When the dipole resonance shifts from 0.71 to 0.87 
THz, the overlapped frequency should shift to a higher frequency. At the same 
time, because of the damping effect of VO2, the transmission amplitude of the 
TE mode dipole resonance becomes smaller, making the overlapped region 
shift a lower frequency. Based on the experimental and simulation results, the 
damping effect of VO2 dominates the overall shift trend and leads to the 
inversed operating frequency shift from 1.10 to 1.05 THz.  
In this study, we have designed and experimentally demonstrated a multiband 
switchable terahertz QWP via phase-change metasurfaces composed of 
complementary electric split-resonators embedded with VO2. In experiment, 
before the VO2 phase transition we achieved linear-to-circular polarization 
conversion at 0.45 and 1.10 THz with an ellipticity of 0.998 and -0.971. After 
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the VO2 phase transition, linear-to-circular polarization conversion was 
obtained at 0.50 and 1.05 THz with an ellipticity of 0.999 and -0.999. 
 
5.5 Summary 
In this chapter, we have proposed and experimentally demonstrated 
phase-change metasufaces to actively control the polarization state of terahertz 
wave. The phase-change metasurfaces were realized by hybridizing vanadium 
dioxide with metallic resonators. Based on the phase-change metasurfaces, 
two switchable terahertz QWPs were presented. The first QWP operated at 
two frequencies under the phase transition of VO2. The experimental results 
indicated that before the phase transition, the QWP operated at 0.468 THz. 
After the phase transition, the operating frequency was switched to 0.502 THz. 
The second terahertz QWP operated as a multiband device at four frequencies. 
Before the phase transition, the operating frequencies were at 0.45 and 1.10 
THz. After the phase transition, the operating frequencies were switched to 
0.50 and 1.05 THz, respectively. At the operating frequencies, the QWP 
presented good polarization conversion from linear polarized light to circular 
polarized light.  
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Chapter 6 Conclusions 
6.1 Conclusions 
In this thesis, the design, fabrication and characterization of functional 
metasurfaces were demonstrated to manipulate terahertz wave. Various 
designs have been proposed to control the resonance frequency, amplitude and 
polarization of terahertz wave. By integrating metasurfaces with VO2, 
phase-change metasurfaces were studied to actively control terahertz wave. 
Firstly, the resonance frequency and amplitude tuning of terahertz wave by 
metasurfaces were investigated. A spiral shape metasurface composed by four 
different half rings was studied to tune the resonance frequencies via the 
coupling among the four half rings. Both the experimental and simulation 
results suggested that in this spiral structure, the mutual capacitance coupling 
among different half rings results in a red shift of the resonant frequency and 
the mutual inductance coupling among different half rings leads to a blue shift 
of the resonant frequency. By varying the gap size, four resonant frequencies 
were tuned simultaneously. Besides the spiral shape metasurfaces, gammadion 
metasurfaces with splits were investigated. By introducing the splits at 
different arms, the transmission amplitudes at the resonances were 
manipulated from 61% to 24%. By varying the relative positions of the splits 
at certain arms, broadband static resonance frequency tunability from 1.11 to 
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1.51 THz was obtained. The performance of such metasurfaces attributed to 
the selective excitation of different resonance modes in the gammadion 
structures. 
Secondly, the polarization manipulation of terahertz wave by babinet 
metasurfaces was investigated. An ultrathin flexible terahertz quarter-wave 
plate using asymmetric cross shape resonators was experimentally and 
numerically demonstrated. At 0.870 THz, the quarter-wave plate presented a 
transmission coefficient of 0.545 along two orthogonal axes with 90 degrees 
phase delay and was able to convert a linearly polarized incident terahertz 
wave into a pure circular polarized light. With respect to different incident 
polarization angles, right-handed circular polarized light, left-handed circular 
polarized light and elliptically polarized light were created flexibly. A Lorentz 
oscillator model was employed to analytically describe the spectral property of 
the quarter-wave plate, which was in good agreement with our measured and 
simulated results.  
Lastly, active terahertz polarization control via phase-change metasurfaces 
were proposed and demonstrated. Two switchable terahertz quarter-wave 
plates were experimentally presented with the hybridization of VO2. The first 
switchable quarter-wave plate operated at two frequencies under the phase 
transition of VO2. At 300 K, VO2 behaved like an insulator and the 
quarter-wave plate operated at 0.468 THz. While at 400 K, VO2 acted as a 
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metal and the operating frequency of the quarter-wave plate was switched to 
0.502 THz. The second quarter-wave plate operated as a multiband device at 
four frequencies. Before the phase transition, the operating frequencies were at 
0.45 and 1.10 THz. After the phase transition, the operating frequencies were 
switched to 0.50 and 1.05 THz, respectively. For both quarter-wave plates, the 
Stokes parameters of the output terahertz wave calculated at different 
temperatures indicated that the output wave was circularly polarized. The 
damping loss in the VO2 and the wood’s anomaly lead to the decrease of the 
transmission coefficients at a high temperature. An analytical model was 
introduced to illustrate the correlation of VO2 phase transition and the 
performance of the terahertz quarter-wave plates. 
Based on all the presented results in this thesis, metasurfaces reveal the 
feasibility to realize a low-profile device in the terahertz regime. Moreover, 
the switchable phase-change metasurfaces promise a new route for active 
terahertz polarization manipulation devices and can be applied to other 




6.2 Future work 
Future directions in this research area can be extended to: 
1. Multilayer metasurfaces can be investigated to enhance the efficiency and 
extend the operating bandwidth. The coupling effect among different 
layers can be a good direction to further manipulate terahertz wave with 
respect to the electric and magnetic couplings [84, 118]. This near-field 
coupling provides us with another degree of freedom for wave control. 
2. Besides VO2, various other active media can be introduced to actively 
control terahertz wave. For instance, semiconductors, such as Si and GaAs, 
should be adopted for active terahertz meta-devices because they have 
mature industry fabrication lines for system integration. Moreover, the 
different active tuning methods in different active media can greatly 
extend functionalities of meta-devices [52].   
3. Dielectric metasurfaces are another intersting research direction [95]. 
Dielectric resonators can support electric and magnetic resonances 
simutaneously. The electric and magnetic resonances can be manipulated 
seperately via the design. The coupling bewteen the electric and magnetic 
resonances can effectively control electromagnetic wave. The loss in the 
dielectric resonators is quite low, which makes dielectric metasurfaces a 
good candidate for low loss terahertz functional meta-devices. 
! 121!
4. Functional beam steering devices in terahertz range with metasurfaces are 
desirable in terahertz practical applications, such as imaging and 
communication. Terahertz metasurfaces can be applied to make ultrathin 
and compact terahertz beam steering devices. However, the working 
efficiency and speed limit the application of these devices. To design 
novel metasurfaces and integrate active medium in the beam steering 
devices would benefit the development of compact terahertz optical 
system with high performance. 
5. The concept of terahertz metasurfaces can be applied to other terahertz 
devices, such as terahertz detector and terahertz emitter. For instance, the 
strong interactions between terahertz wave and the resonators in the 
metasurfaces can be utilized to enhance the sensitivity of the terahertz 
detector. Another aspect that can be considered is to integrate metasurfaces 
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